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Chapter 1 Introduction
1.1 The Goal: Adhesive and Well-Ordered Conducting Polymer
Films on Substrates
For the past several decades, polymers have increasingly been used as insulators in the
electronic devices and integrated circuits. Some were known in their conductive forms, but
not well characterized and with not much interest paid to their conductivity. The first
conjugated polymer, polythiazyl (SN)x, was discovered in 1975, which possessed metallic
conductivity and becomes superconductor at 0.29 K [1]. However, the idea of using polymers
for their electrical conducting properties actually emerged in 1977 with the findings of
Shirakawa et al. [2] that iodine doped trans-polyacetylene, (CH)x, exhibits conductivity of 103
S/cm. This opened an entire new field for the discovery and development of conducting
polymers, and the Nobel Prize in Chemistry was award to Alan J. Heeger, Alan G.
MacDiarmid and Hideki Shirakawa in 2000. Since then, an active interest in synthesizing
other organic polymers possessing this property has been initiated. As a result, other
conducting polymers having π-electron conjugated structures (conjugated polymers), such as
polyaniline (PAni), polypyrrole (PPy), polythiophene (PT), poly(p-phenylene), and
polycarbazole [3-5] have been synthesized for exploring them in devices. The conductivity of
these polymers can be tuned from insulating regime to conducting regime by chemical
modification or by the degree and nature of doping. Besides this, polymers offer the
advantages such as light weight, flexibility, corrosion-resistance, high chemical inertness,
electrical insulation, and the ease of processing etc. Technological opportunities for
application of the conducting polymer materials in such diverse areas as rechargeable
batteries, electromagnetic interference shielding, corrosion inhibition, polymer light-emitting
diodes, photodetectors, flexible “plastic” transistors and electrodes, electroluminescent
polymer displays, to name only a few, continue to be actively pursued.
Among conducting polymers, polypyrrole (PPy) is one of the extensively studied electronic
materials. Thus this material has received much attention because of various technological
applications [6-9]. PPy found applications as transparent electrode in organic light-emitting
diodes substituting traditionally used oxides [10-11], in photoelectrochemical cells [12], in
intrinsically conducting shielding adhesives [13], in humidity and gas sensors [14-18], in
corrosion protections [19-21] and in rectifying double layer devices [22, 23].
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Most of the applications require adhesive and well-defined films composed of molecules with
tailor-made properties in unique spatial arrangements with respect to each other and to the
substrate [24-26]. Our aim is to get such adhesive and well-defined PPy films on various
substrates, such as silicon, ITO, or some metals.
1.2 The Problem: Poor Adhesion between PPy and Substrates by
Electrochemical or Chemical Polymerization
Though PPy received considerable interest, processing it into an ultrathin film is still a
challenging task because of its intractability, insolubility and infusibility in most of the
common organic solvents. PPy is usually synthesized by electrochemical and chemical
oxidative polymerization techniques. The coating of substrates with PPy film can be achieved
by the following possible approaches.
• Spin-coating: Spreading the solution of soluble PPy on the surface of the
substrate, followed by the evaporation of the solvent. Besides the difficulties
concerned with the desired uniform coating of the substrate surface with the
solution of PPy, the main problem is the insolubility in nearly all solvents of
practical interest [27-32]. During the past years, some progress has been made in
the chemical modification of the parent PPy structure to get more soluble polymer
derivatives. However, the distortion of the molecular structure of PPy occurs upon
such chemical modification, leading to a drastic decrease of the electric
conductivity of the resulting polymers.
• Electropolymerization of monomers at the electrodes: Electropolymerization is
usually a good technique to obtain PPy films on conducting electrode substrates.
However, electropolymerization is strongly restricted by the use of conducting
materials, such as metals or carbon materials, whereas no electropolymerized PPy
layer can be obtained on insulating surfaces.
• Chemical polymerization, provided with relatively strong chemical oxidants like
ammonium peroxydisulfate (APS), ferric ions, permanganate or hydrogen
peroxide. Chemical polymerization occurs in the bulk of the solution, and the
resulting polymers precipitate as insoluble solids. However, a part of polymers,
formed by chemical polymerization, can be deposited spontaneously on the surface
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of some substrates, immersed into the polymerization solution. The distribution of
the resulting conducting polymers between the precipitated and deposited forms
depends on many variables and varies within a broad range.
• Surface chemical polymerization: Chemical polymerization provided directly on
the surface. In this case, the surface to be coated is enriched either with a monomer
or an oxidizing agent and after that it is treated with a solution of either oxidizer or
monomer, respectively. A major advantage of this process is that the
polymerization starts at the surface, whereas no bulk polymerization in the
solution takes place. The disadvantage of this process is that it is limited by
materials than can be covered or enriched with a layer of either monomer or
oxidizer in a separate stage, preceding the surface polymerization.
Though PPy film can be obtained by several methods like described above. However, in most
cases, adhesion between the polymer and the substrate is poor because of weak physical
interactions between them. Therefore, polypyrrole can be easily peeled-off as a free-standing
film from the substrate [33-38]. Getting the adhesive polypyrrole films on the substrates is a
big problem.
1.3 One Solution: Adhesion Promoter to Connect the
Conducting Polymer and Substrate Surface
Molecular self-assembly is a strategy for nanofabrication that involves designing molecules
and supramolecular entities so that shape complementarity causes them to aggregate into
desired structures. “Self-Assembled Monolayers (SAMs)” represent one type of structure that
is using molecular self-assembly to build structure and function on the nanometer scale. A fast
growing area in this field is the study of organized mono- or multilayers of conducting
polymers or oligomers having possible applications in many fields. The conducting polymers
form a one-dimensional electron system with electrical and optical properties, which are
strongly influenced by interchain interactions. In this context, self-assembly monolayers,
which have desired control on the molecular level, should be considered as a potential
technique for the construction of more highly ordered materials. Monolayers on substrates
formed by self-assembly technique can be used as surface modification, which usually lead to
the hydrophilic surface of the substrate to hydrophobic surface, e.g. sulphur group modified
gold, organosilanes group modified silicon surface and carbonyl acid group modified oxide
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surface. Once a second functional group was introduced to the monolayers, covalent grafting
of different top layers is possible by reacting this functional group and other monomer or
polymers. This also can be used to grafting of conducting polymers to the substrate. The
molecules deposited as monolayer on the substrate are adhesion promoters, which connect the
substrate and top layers by chemical bond. In the field of conducting polymers, most of the
studies report the use of pyrrol-, thiophene- or phenyl-functionalized alkanethiol- or
organosilane derivatives as adhesion promoter to increase the adhesion of the polymers to the
substrate [39-49].
Such adhesion promoter has two functional group, anchoring group and polymerizable group,
connected by an alkyl chain (Fig. 1.1). The anchoring group (e.g. silane, phosphonic acid,
thiol) can react with the substrate surface by chemisorption, and the polymerizable group (e.g.
pyrrole, thiophene) can be chemically or electrochemically induced to polymerize.
Fig. 1.1     Model of the synthesized compound
There are two steps to produce the adhesive polymer film on substrates. Firstly, the substrate
is modified by the adhesion promoter. Therefore, the substrate is dipped in a solution
containing adhesion promoter, until a highly organized and densely packed molecular layer is
formed on the substrate. The formation of this self-assembly (SA) monolayer is driven by a
strong interaction between the substrate and the anchoring group of the adhesion promoter,
e.g. the interaction between sulphur and a gold substrate, trichlorosilane and a hydroxylated
silicon surface, phosphonic acid and oxide metal surface. Secondly, the polymer film is
grafted on the modified substrate. This modified substrate is polymerized with a monomer by
chemical or electrochemical polymerization. Hence, adhesive polymer film was obtained.
Polymerizable group
(terminal group)
Spacer
group
Anchoring group
(head group)
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Fig. 1.2     Grafting conducting polymer film on substrate
1.4 Aim and Scope of This Work
The aim of this work is to modify substrate surfaces by grafting adhesive polypyrrole (PPy)
films onto the oxide substrate surfaces such as Si/SiO2, Ti/TiO2, Ta/Ta2O5, and Al/Al2O3, and
investigate the possible applications. Therefore, new adhesion promoters have to be designed
and synthesized. Previous studies in our group were investigated with polythiophene. It
included grafting of polythiophene on ω-(3-thienyl) alkyl phosphonic acids modified metal
substrates by chemical and electrochemical polymerization and adhesive films were obtained.
Also ω-functionalized thienyl trichlorosilanes were investigated on Si wafers. However,
thiophene has some drawbacks, which makes its study a bit difficult. Firstly, the unsubstituted
polythiophene is an infusible polymer and so its processability is a problem. And secondly, its
oxidation potential is high (1.6 V/SCE) compared to pyrrole (0.8 V/SCE). Now our choice of
the polymeric system is PPy, an inherently conducting polymer due to interchain hopping of
electrons. Grafting of polypyrrole onto substrate surface can be achieved through chemical
and electrochemical polymerization. Chemical polymerization provides a possibility to
generate grafted polymers. To achieve this, pretreatment of the oxide substrate surfaces with
an adhesion promoter was required, which would compatibilise the substrate surface with the
polymerizable monomers.
Adhesion
promoter
Conducting
polymer
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Chapter 2 describes the various surface analytical methods and tools to characterize the
modified surface. These techniques include contact angle measurement, grazing incident
FTIR, surface plasmon resonance spectroscopy (SPR), ellipsometry, X-ray photoelectron
spectroscopy (XPS) and scanning electron microscopy (SEM). Once it is ensured that the self-
assembly monolayer is formed, further surface reactions that can be carried out. In-situ
polymerization with pyrrole monomer produces conductive polymer films can be
characterized by SEM, atomic force microscopy (AFM), ellipsometry, UV-VIS spectroscopy.
Chapter 3 describes the design of the adhesion promoter and the formation of the self-
assembly monolayer. The 3-substituted pyrrole phosphonic acids or trimethoxysilanes and 1-
substituted pyrrole organosilane monolayers are designed as adhesion promoters. This
involved the synthesis of ω-(3-pyrrolyl alkyl) phosphonic acids, ω-(3-pyrrolyl alkyl)
trimethoxysilanes and ω-(1-pyrrolyl alkyl) organosilanes.
Chapter 4 describes the synthesis of the adhesion promoters (1-substituted pyrrole and 3-
substituted pyrrole derivatives) and characterization of the self-assembly layer. The most
challenging part of the project was to synthesize 3-pyrrolyl alkyl phosphonic aicd and 3-
pyrrolyl alkyl trimethoxysilanes. Until now these compounds have not been described in the
literature. Various new procedures have been developed to achieve the 3-substituted pyrrole
alkyl phosphonic acid and trimethoxysilanes.
Chapter 5 describes the formation and the properties of the polypyrrole films obtained by
chemical and electrochemical polymerization. The formation of homogeneous, adhesive
polypyrrole films with rang up thickness are described in this chapter.
Two of the possible applications of these polymer films, such as humidity sensors and FET
were described in chapter 6.
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Chapter 2 Analytical Tools and Techniques
In the study of monolayers and thin films on flat surfaces, both their surface and bulk
properties are important. In this chapter, we introduce several analytical methods to
characterize the main properties of our synthesized monolayers and thin films. Contact angles
with water as liquid are measured to evaluate wetting properties, surface free energy, and to
get information on surface order. Ellipsometry is used to measure the thickness and
uniformity of freshly prepared films. Surface Plasmon Resonance Spectroscopy (SPR) is used
to measure the kinetics of the monolayer formation process and to get the information of
optimum adsorption time. “Grazing incident” FTIR spectroscopy is used to learn about
molecular orientation, packing behavior and coverage. We also use X-ray Photoelectron
Spectroscopy (XPS) to study surface composition, monolayer structure and binding states,
and surface imaging techniques (SEM and AFM) to learn about the surface topography.
Electrochemical methods such as Cyclic Voltammetry (CV) and Electrochemical Impedance
Spectroscopy (EIS) are also used to study the electroactivity of the monolayers and polymers.
2.1 Contact Angle Measurements
To study the hydrophobicity and the uniformity of the modified substrates, the static contact
angle of a water drop lying on the substrate (sessile drop) was measured.
The quality of a stable monolayer and thin film can be estimated from wetting measurements.
This is due to the fact that the shape of a liquid drop on a plane, homogeneous surface (which
is the result of the free energy of this drop) is affected by the free energy of this surface (Fig.
2.1). The force per unit length, as well as the free energy per unit area, acting on a surface or
interface is equal to the interfacial tension γ (mNm-1 or dyn cm-1), and the work done on a
system when increasing the area by dA at constant γ is γdA. The work of adhesion between a
solid and a liquid is defined as
Wsl = γsv +  γlv + γsl Eq. 2.1
Where W is the work,
γsv---- the surface interfacial tension between solid -vapor interface
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γlv---- the surface interfacial tension between liquid-vapor interface
γsl---- the surface interfacial tension between solid-liquid interface
Fig. 2.1     Schematic of an axisymmetric sessile-drop contact angle system
When a liquid does not wet a surface completely, it forms an angle θ, the contact angle with
the surface. In the past several decades, numerous techniques have been used to measure
contact angles, which were inspire by the idea of using the equation first derived by Thomas
Yong [50] in 1805. Yong’s equation governs the equilibrium of the three interfacial tensions
and the Yong contact angle θ of a liquid drop on a solid.
γlv cos θ = γsv - γsl Eq. 2.2
The Young’s equation expresses that the contact angle of a liquid with known surface tension
on a sample with an unknown surface tension does not only depend on the surface tension of
the sample but also on the interfacial tension. In practice this means that the surface tension of
the sample can not be determined by contact angle measurements with a single liquid.
Exact surface tension determination by contact angle measurements is difficult, but contact
angle measurements, by a single liquid can be qualitatively used for examination of surfaces
given different surface treatments.
The contact angle is not a property of the liquid or the substrate but the interaction between
them. The angle of a drop on a solid surface is the result of the balance between the cohesive
forces in the liquid and the adhesive forces between the solid and the liquid. If there is no
interaction between the solid and the liquid, the contact angle will be 180°. As the interaction
between the solid and liquid increases, the liquid spreads until θ= 0° and equation 2.2
becomes
γlv = γsv - γsl Eq. 2.3
Liquid
Vapor
γ sl
θ
γ lv
γ sv
Solid
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A contact angle less than 90° indicates that the substrate is readily wetted by the test liquid
(Fig. 2.2a), while an angle greater than 90° shows that the substrate will resist wetting (Fig.
2.2b).
a b
Fig. 2.2     (a). Hydrophilic (θ<90°) and (b). hydrophobic surface (θ>90°)
The derivation of Yong’s equation assumes that the solid surface is smooth, homogeneous
and rigid, it should also be chemically and physically inert with respect to the liquids to be
employed. Ideally, according to Yong’s equation, a unique contact angle is expected for a
given system (e.g. liquid drop on a solid surface) [51]. Usually, two kinds of contact angle:
static contact angle and dynamic contact angle were measured.
A liquid droplet placed on a solid, non-absorbent surface will reach an 'equilibrium' condition
where no further spreading of the droplet occurs. The contact angle reading, which is
determined at this condition is the 'static' contact angle. For high viscosity liquids (e.g.
glycerin) it is necessary to wait until the spreading stops before a reading is determined.
On absorbent materials, where the liquid penetrates into the substrate, the contact angle will
continuously change as a function of time. In certain applications (e.g. printing, gluing) the
process time is sometimes critical for the process to work. To measure this 'dynamic contact
angle' as well as 'rate of absorption' and spreading, it is necessary to capture a sequence of
images during the interaction
In a real system, however, a range of contact angles is usually obtained instead. The upper
limit of the range is the advancing contact angle, θa, which is the contact angle found at the
advancing edge of a liquid drop. The lower limit is the contact angle, θr, which is the contact
angle found at the receding edge. The different between the advancing and receding contact
angles is known as the contact angle hysteresis, θhyst.
θhyst= θa - θr Eq. 2.4
θ
θ
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In more recent studies, contact angle hysteresis was found to be related to molecular mobility
and packing of the surface, liquid penetration and surface swelling.
There are different methods stated for the measurement of the contact angle:
1). Sessile-Drop Method
This optical contact angle method is used to estimate wetting properties of a localized region
on a solid surface. The angle between the baseline of the drop and the tangent at the drop
boundary is measured. If an intentional effect is not made to measure advancing or receding
angles when contact angles are measured by the sessile drop method, the measured angle will
be between θa and θr, and often nearer to θa.
The sessile drop method usually is used to determine the static contact angle or dynamic
contact angle. The measured static contact angle does not depend on the diameter of the drop.
Depending on the liquid used the contact angle can change within seconds or minutes. The
causes of the alteration are the dissolving capacity of the solid in the liquid, the alteration in
the composition of the liquid or sedimentation effects.
KRÜSS DSA10 goniometer (drop shape analysis) was used for static contact angle
measurements
2). Dynamic Wilhemy Plate Method
It is a method for calculating average advancing and receding contact angles on solids of
uniform geometry. Wetting force on the solid is measured when it is immersed in or
withdrawn from a liquid of known surface tension. The dynamic Wilhemy plate method can
be used to determine the static contact angle, dynamic contact angle or cyclic contact angle.
A K12 processor tensiometer from Krüss GmbH was used to measure the contact angle in our
experiment.
Our choice of method was the sessile drop method where water (the chosen liquid) was made
to come in contact with the solid substrates. The measurements were done to estimate the
change in surface properties after the adsorption.
2.2 Ellipsometry
Ellipsometry is an optical technique that uses polarized light to probe the dielectric properties
of a sample. The most common application of ellipsometry is the analysis of very thin films.
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Through the analysis of the state of polarization of the light that is reflected from the sample,
ellipsometry can yield information about layers that are thinner than the wavelength of the
light itself, down to a single atomic layer. Depending on what is already known about the
sample, the technique can probe a range of properties including the layer thickness,
morphology, or chemical composition.
For the purpose of our research, we are most interested in determining film thickness.
Basics
Transmission and Reflection
An illustration of the transmitted, reflected, and incident beams is shown in Fig. 2.3. A beam
of light is incident on a sample at some arbitrary angle of incidence θi, the angle of incidence
is defined as the angle between the input beam direction and the direction normal to the
sample surface. At the boundary of the medium, one part of the light will be reflected at angle
θr, while the other part will be transmitted through the sample at angle θt. Snell's law requires
that all three beams are in the plane of incidence (shaded red in Fig. 2.3). The plane of
incidence is defined as that plane which contains the input beam, the output beam, and the
direction normal to the sample surface.
The transmission and reflection measurements acquire the intensity ratios, T and R
respectively, over a given range of wavelengths. T and R are defined as the ratio of the light
intensity being transmitted or reflected over the incident light intensity on the sample, as
shown in Eq.(2.5) and Eq.(2.6)
T= It / Ii Eq. 2.5
R= Ir / II Eq. 2.6
Ellipsometry
Ellipsometry is the common optical technique for the determination of the thickness of thin
homogeneous films when a plane-polarized light beam reaches the surface at different angles
[52-55]. It is resolved into parallel and perpendicular components (p- and s-polarized,
respectively). These components are reflected from the surface in a different way, i.e. the
amplitude and phase of both components are changed. When the s- and p-polarized reflected
light beams are combined, the result is elliptically polarized light (Fig. 2.4). Ellipsometry uses
this phenomenon to estimate the thickness of a transition region between the surface and air
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by measuring the ratio R between Rp and Rs, the reflection coefficients of the p-and s-
polarized light, respectively.
θi θr
θt
Ii Ir
It
Plane of incidence
Fig. 2.3     Schematic showing the incident, reflected and transmitted light
Fig. 2.4      Schematic of the geometry of an ellipsometry experiment
Ellipsometry measures the change in polarization state of light reflected from the surface of a
sample. The measured values are expressed as ψ and ∆. These values are related to the ratio
of Fresnel reflection coefficients, Rp and Rs for p and s-polarized light, respectively.
tan(ψ) ei∆ = Rp/Rs Eq. 2.7
Because ellipsometry measures the ratio of two values, it can be highly accurate and very
reproducible. From Eq. (2.7) the ratio is seen to be a complex number, thus it contains
“phase” information contained in ∆, which makes the measurement very sensitive. In Fig. 2.4
a linearly polarized input beam is converted to an elliptically polarized reflected beam. For
any angle of incidence greater than 0° and less than 90°, p-polarized light and s-polarized will
be reflected differently.
θi
Plane of incidence
Ep-plane
s-plane
s-plane
p-planeE
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The coordinate system used to describe the ellipse of polarization is the p-s coordinate
system. The s-direction is taken to be perpendicular to the direction of propagation and
parallel to the sample surface. The p-direction is taken to be perpendicular to the direction of
propagation and contained in the plane of incidence.
We can measure the polarization of the reflected light with a quarter-wave plate followed by
an analyzer; the orientations of the quarter-wave plate and the analyzer are varied until no
light passes through the analyzer (Fig. 2.5). From these orientation and the direction of
polarization of the incident light we can calculate the relative phase change cos(∆) and the
relative amplitude change tan(ψ) introduced by reflection from the surface.
An ellipsometer measures the changes in the polarization state of light when it is reflected
from a sample. If the sample undergoes a change, for example a thin film on the surface
changes its thickness, then its reflection properties will also change. Measuring these changes
in the reflection properties can allow us to deduce the actual change in the film thickness.
The most important application of ellipsometry is to study thin films. In the context of
ellipsometry a thin film is one that ranges from essentially zero thickness to several thousand
Angstroms, although this range can be extended in some cases. If a film is thin enough that it
shows an interference color then it will probably be a good ellipsometric sample. The
sensitivity of an ellipsometer is such that a change in film thickness of a few Angstroms is
usually easy to detect.
Source
Polarizer
Compensator
Analyzer
Detector
Substrate
Organic Film
. Denotes unpolarized light
Denotes plane-polarized light
Denotes elliptically polarized light
Fig. 2.5     A schematic description of an ellipsometer. (Adapted from Gaines [56])
For a clean surface, ∆ and ψ are the output of an ellipsometry measurement and can be
interpreted into layer thickness provided the right model for the surface. These two
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parameters are directly related to the complex index of refraction (n) of the surface. In order
to interpret the ellipsometry data into layer thickness it is necessary to know or assume values
for the refractive index for each separate layer on the surface.
The complex refraction index is a representation of the optical constants of a material, it is
represented by
Eq. 2.8
where n is the ordinary refraction index and k is the extinction coefficient.
The real part or index of refraction, n, defines the phase velocity of light in material:
ν= c/n Eq. 2.9
where ν is the speed of light in the material and c is the speed of light in vacuum. The
imginary part or extinction coefficient, k, determines how fast the amplitude of the wave
decreases. The extinction coefficient is directly related to the absorption of a material and is
related to the absorption coefficient by
α = 4πk / λ Eq. 2.10
where α is the absorption coefficient and λ is the wavelength of light.
Once a film having a different index of refraction nf is coated on the surface, ∆ and ψ are
related to the complex indices of both the film and the substrate, and to the film thickness.
Typically, the compensator is set at an azimuth of 70° and the experimental data are expressed
as
δ ∆ = ∆0 - ∆ Eq. 2.11
∆Ψ =Ψ0 - Ψ Eq. 2.12
Where ∆0 and Ψ0 are the ellipsometric angles characteristic of the clean substrate surface, and
∆ and Ψ those measured for the substrate with the film. From n and k, we can calculate the
thickness of the film.
In our experiment, ELX-02 Ellipsometer from DRE GmbH was used. The wavelength of laser
is 623,8 nm and incident angle is 70°. An isotropic three-layer model (Si/SiO2/monolayer/air)
was used for determining the thickness of the oxide layers and monolayer or polymer film by
using the literature data for optical constants (n = 3.865, k = 0.018 for Si; n = 1.465, k = 0 for
^ = n  (1-ik ) n
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SiO2; and n = 1.45, k = 0 for monolayer; n = 1.50 for polymer; n0 =1 for air, where n and k are
the real and imaginary part of the refractive index, respectively) [57, 58]
2.3 Surface Plasmon Resonance Spectroscopy (SPR)
Surface Plasmon Resonance (SPR) technique is used in development and characterization of
ultra-thin films [59-62]. The SPR measurements are made using optical systems that control
parameters to which SPR is sensitive, namely incident angle, wavelength of incident light,
degree of polarization, and optical materials. In general, a typical SPR experiment requires a
dielectric substrate, a prism in most cases, which has been coated with a suitable noble metal
at a precise thickness. The combination of the substrate, noble metal, and sample in contact
with the metal, allows for the generation and support of surface plasmon polaritons that are
formed along the metal dielectric interface. These polaritons are highly damped charge
density waves oscillating at optical frequencies, and may be excited if the materials and
optical properties of an experimental system are chosen correctly.
Fig. 2. 6     SPR excitation with a prism, then the observation of plasmon is possible: the metal film is
                     thin  enough to monitor the plasmons from the backside
In general, the SPR are not measured directly, but their presence is inferred by monitoring the
light intensity reflected from the substrate/metal interface. The reflected light will contain a
deep minimum in intensity, and this minimum occurs at what is termed the resonance for the
surface polariton, or plasmon. The monitoring of the surface plasmon reflectivity curve, and
in particular, the position of the resonance, yields what is generally known as surface plasmon
resonance spectroscopy. The position of the reflectivity minimum is very sensitive to the
interface properties between in the substrate face and the liquid. Changes in metal film
thickness, surface adsorbed species, and liquid dielectric properties are all seen as changes in
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the SPR curves (Fig. 2.6). SPR has been shown to be sensitive to very low levels of material
adsorbed onto a surface.
The scan and kinetic SPR measurement modes are widely used to describe events occuring at
the metal interface [63]. In the scan mode, reflectivity changes are monitored as a function of
the angle of incidence of the incoming laser beam. For angles smaller than the critical angle, a
steady rise in the reflectivity is observed, while for angles larger than the critical angle, a
steady drop in reflectivity is observed until reaching a certain angle at which the reflectivity
signal reaches a minimum. This angle is called the resonance angle. For values higher than the
resonance angle, a steady increase in the reflectivity value is observed.
R
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1. bare substrate on air
2. bare substrate in EtOH
 3. after addition of adsorbing molecules
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Fig. 2.7     SPR curve
The resonance angle is strongly dependent on the dielectric constant of the medium
surrounding the metal interface, the laser wavelength, and the dielectric properties of the
metal. Any changes in the dielectric properties of the medium will result in a shift in the
resonance angle, which is usually the case when some material binds to or dissociates from
the metal surface. These events can be monitored in real-time using the kinetic measurement
mode. In this mode, reflectivity changes occuring at a specific incident angle are monitored as
a function of time.
Assuming that the thickness of the dielectic film is much less than the wavelength of the
probe laser, we can estimate the film thickness (df) from [64]
Eq. 2.13
εsλ(εm)½ (εs- εm)
(εf  - εs) (εf  - εm )
εm + εs
εm  εs
2
2π
εf
df  =
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In our experiment, special substrates were prepared: on LaSFN9 glass sheets, 50 nm gold
were evaporated and then a 2.5 nm Al2O3 layer was deposited on it. Because we cannot
determine the exact refraction index and thickness of Al2O3 layer. Due to unknown of the
thickness and refraction index of Al2O3 layer, the thickness of the adsorbed layer is difficult to
calculate. Kinetic SPR mode was used to study the adsorption of the adhesion promoter.
2.4 Grazing Incident FTIR
Grazing incident FTIR spectroscopy is a very useful technique that gives information about
the direction of the transition dipoles in e.g. adsorbed an organic thin film.
θi ≥80
Polarized light parallel
to incident plane
hν
X XX
X X
E
Fig. 2.9     A schematic diagram of the grazing incident FTIR
Theoretical consideration of the IR spectroscopy of the monolayers adsorbed on a metal
surface showed that the reflection-adsorption spectrum is measured most efficiently at high
angles of incidence, typically at 80-85 degree, and that only the component of incident light,
which is parallel to the plane of incidence, gives measurable absorption [65]. Figure 2.9
presents a schematic description of a monomolecular film on a mirror, with an incident light
and direction of the polarization.
For example, an alkyl phosphonic acid molecule is adsorbed on a metal surface (Fig. 2.10)
while both the symmetric and asymmetric methylene vibrations (νs and νa, respectively of the
alkyl chain) are parallel to the metal plane, the symmetric vibration and both asymmetric
vibrations of the methyl group have components that are perpendicular to the surface,
therefore, the methylene groups in a perpendicular, all-trans alkyl chain will not be picked up
by the p-polarized light. Once the alkyl chain tilts from the normal to the plane, the symmetric
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and asymmetric vibrations of the methylene groups no longer are parallel to the surface and
thus will appear in the grazing incident spectra [66].
The intensity of the methylene vibrations in the spectra is a direct function of the tilt angle of
the alkyl chain. This unique property of the grazing-incident experiment allows the
calculation of the molecular orientation from FTIR spectra [59].
O
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νa (CH2)
νa (CH3)
νs (CH3)
νs (CH3)
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Fig. 2.10     An alkyl phosphonic acid on metal surface in a grazing-incident FTIR experiment (left), and
                    an in-plane diagram of the CH2 group and its transition dipoles (right)
In our experiment, grazing incident FTIR was measured using a MTC-detector and FT-80 unit
from Spectra Tech Inc. All spectra consist of 500-1000 scans at 4 cm-1 resolution and were
rationed to metal plates.
2.5 X-Ray Photoelectron Spectroscopy (XPS)
The metal substrates coated with the synthesized compounds were subjected to XPS in order
to get information about the surface composition and orientation of the adsorbed molecules.
XPS probes the first ~ 5-10 nm of a surface and provides the following information:
• Identification of all elements (except) H and He) present at concentrations >0.1 atomic %.
• Molecular environment (oxidation states, bonding atoms).
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• Laterial variations in surface composition.
• Non-destructive element depth profiles and surface heterogeneity (10nm).
XPS uses a soft X-ray source (Alkα and Mgkα) to ionize electrons from the surface of a solid
sample. The binding energy of these electrons are measured and are characteristic of the
elements and associated chemical bonds (chemical state) in the top few atomic layers of the
material.
Samples can be tilted to affect the escape depth of the electrons and thus determine the depths
of overlayers on the surface. For analysis beyond the top 1-5nm an inert gas ion gun
(normally Argon) can be used to sputter off the surface layers before analysis. Alternating
sputtering and XPS spectral acquisition permits chemical depth profiles to be obtained.
Photoelectron spectroscopy utilizes photo-ionization and energy-disperse analysis of the
emitted photoelectrons to study the composition and electronic state of the surface region of a
sample. Traditionally, when the technique has been used for studies it has been subdivided
according to the source of exciting radiation into XPS & UPS.
X-ray Photoelectron Spectroscopy (XPS) –uses soft (200-2000 eV) X-ray excitation to
examine core-levels.
The energy of a photon is given by the Einstein relation [67]:
Where E = hν Eq. 2.14
h- Planck’s constant (6.62 x 10-34 J s)
ν- frequency (Hz) of the radiation
In XPS, the photon is adsorbed by an atom in a molecule or solid, leading to photo-ejection of
electrons from atoms near the surface.
The kinetic energy distribution of the emitted photoelectrons can be measured using any
appropriate electron energy analyzer and a photoelectron spectrum can thus be recorded.
The process of photoionisation can be considered in several ways: one way is to look at the
overall process as follows:
A+ hν→ A+ + e- Eq. 2.15
Conservation of energy than requires that: 
E(A) + hν→ E(A+) + E(e-) Eq. 2.16
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Since the electron’s energy is present solely as the kinetic energy (KE) this can be rearranged
to give the following expression for KE of the photoelectron:
KE = hν + E(A+) Eq. 2.17
The final terms in brackets, representing the difference in energy between the ionized and
neutral atoms, is generally called the binding energy (BE) of the electron. This then leads to
the following commonly quoted equation: 
KE = hν- BE Eq. 2.18
For each and every element, there will be a characteristic binding energy associated with each
core atomic orbital i.e. each element will give rise to a characteristic set of peaks in the
photoelectron spectrum at kinetic energies determined by the photon energy and the
respective binding energies. The presence of peaks at particular energies therefore indicates
the presence of specific element in the sample under study. Furthermore, the intensity of the
peak is related to the concentration of the element within the sampled region. Thus, the
technique is capable yielding a quantitative analysis and is sometimes known by the
alternative acronym, ESCA (Electron Spectroscopy for Chemical Analysis). Knowing the
kinetics (KE) of the emitted electrons and the energy (hν) of the incoming photon, the binding
energy (BE) is easily calculated:
BE = hν- KE Eq. 2.19
XPS instruments consist of an X-ray source, an energy analyzer for the photoelectrons, and an
electron detector. The analysis and detection of photoelectrons requires that the sample is
placed in a high-vacuum chamber, exposed to monochromatic X-radiation and the properties
of inner-shell electrons are probed. Since the photoelectron energy depends on X-ray energy,
the excitation must be monochromatic. The energy of the photoelectrons is analyzed by a
multichannel detector such as a microchannel plate.
The most important physical parameters required for analysis are the inelastic electron mean
free path and the photoionization cross section. The inelastic mean free path (IMFP), λ, which
the distance covered by an electron between two inelastic shocks, is an important parameter
determining the electron emission from solids excited by electrons or photons. Besides, the by
far most important physical effect that must be taken care of is the fact that the XPS signal
attenuates strongly with the depth on the nano-meter scale. It is this property that makes XPS
interesting and powerful because it gives the technique its high surface sensitivity. However
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this is also the source of the highest uncertainty in quantitative interpretation of XPS unless it
is accounted for. Different methods have been suggested. One possibility is to measure the
variation in peak intensity with the angle of emission and another is to analyze the energy
distribution in an energy range around the peak energy.
Due to the penetrating nature of x-rays, special techniques is used that can emphasize the
contribution from atoms in different depth positions in a film. For example, the use of X-rays
at a grazing angle to the surface emphasizes the contribution from surface atoms, and a study
of photoelectron spectroscopy as a function of the take-off angle offers an excellent way to
study atom distribution in a film [68, 69].
Non-destructive profiling techniques of XPS are based on either the energy or the emission
angle dependence of the mean escape depth (or inelastic mean free path, IMFP) of the emitted
electrons. This technique can measure the thickness of the adsorbed layer on the substrate. For
example, if one compares the intensities of two or more XPS peaks of the same element at
low and high kinetic energies, the mean depth of origin of the element signals can be obtained
and can be used to determine the thickness of a segregation layer, or of an adsorbed layer. For
example, if we compare the relative intensities of low energy (Ib) and high energy (IB) peaks
of a substrate covered by an overlayer of adsorbate, A, of thickness, d, with those of the clean
surface (I0b and I0B, respectively), it would follow that the thickness can be estimated from
d = [(λ0b,A λ0B, A)/(λ0B,A - λ0b, A)]cosφ ln[(I0b / I0B)/(Ib / IB)] Eq. 2.20
where λ is the relevant IMFP of the substrate XPS signal through the overlayer A, and φ is the
electron take-off angle measured from the sample normal.
Angle resolved XPS measurement is a method for non-destructive probing of thin surface
layers (<10 nm) by an electrostatic analyzer. Increasing the photoelectron take-off angle by
rotating the sample in the energy dispersive plane of the analyser reduces the sampling depth
of the technique. The basis of the angle dependent profiling method can be seen in the cosφ
dependence of the electron signal. For a given electron energy, varying the take-off angle
changes the effective mean escape depth between its full value at φ = 0˚ and a minimum at
glancing take-off angles. The total probing depth is limited to about three times the inelastic
mean free path (tyically < 5 nm) while the depth resolution is generally limited by the
experimental error in the intensity measurement. This method can determine the orientation of
the monolayer. At low take-off angle, the main information is about the top layer. At high
take-off angle, the main information is about deep layer. Comparing the ratio of the top atom
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and deep atom to the take-off angle, the orientation of the monolayer on the substrate can be
obtained. By comparing the relative intensities of peaks at the same kinetic energy over a
number of different take-off angles it is possible to calculate layer thicknesses. Alternately,
comparing relative intensities at low and high take off angles, indicate whether a species is
enriched or depleted in the surface region. This is useful for the analysis of thin films on
surfaces where it is possible to determine the molecular orientation to the surface.
In our experiment, XPS studies were carried out using a Physical Electronics PHI 5700 ESCA
system using MgKα radiation (1253.6 eV). The pressure in the analysis chamber was
maintained at 10-10 mbar. The samples were measured at room temperature using software
StdPH1. The curve fitting procedure used Gaussian components. Angle-resolved XPS
measurements were done at five different angles (5°, 20°, 45°, 70° and 85°) to investigate the
orientation of the adsorbed molecules and the ordering of the film.
Fig. 2.11     Angle dependent XPS measurement
2.6 Atomic Force Microscopy (AFM)
The Atomic Force Microscopy (AFM) is being used to solve processing and materials
problems in a wide range of technologies. The materials being investigated include thin and
thick film coatings, synthetic and biological membranes, polymers, and semiconductors. By
using AFM one can not only image the surface in atomic resolution but also measure the force
at nano-newton scale and the thickness of the coatings.
5°
70°
20°
45°
85°
Metal substrate
Self-assembly monolayer
Detector angle
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The principle of atomic force microscopy is illustrated in Fig. 2.12. The tip is brought very
close to the surface until a preset deflection of the tip is reached. The deflection of the tip is
measured by a laser beam reflected on the cantilever just above the tip. A circular laser
detector divided into four quadrant sections, detects the reflected laser beam. The deflection
of the tip is measured by the difference in intensity between upper two and the lower two
quadrants of the laser detector. While scanning in the X and Y direction a feedback system
from the laser detector to the Z-direction piezo-transducer keeps the deflection of the tip on
the present value. The X, Y and Z position of the piezo-transducer is recorded to form a
topographic picture of the surface of the sample.
x
z
y
Cantilever
Tip
Incident laser
Reflective laser
4-Segment photodiode
Sample
Fig. 2.12     Setup of the AFM
There are three different modes in atomic force microscopy: contact mode, tapping mode, and
non-contact mode. In non-contact mode, the tip oscillates above the adsorbed fluid layer on
the surface. It does not come in contact with the sample surface. The sample is not damaged
during non-contact mode; however, the scan speed is much slower, there is lower lateral
resolution, and it may be used only with very hydrophobic samples. Non-contact mode is not
used very often because of these disadvantages.
Contact mode is the original way the first atomic force microscopes were operated. The tip is
brought close to the surface that a preset value of deflection is reached. The deflection of the
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cantilever depends on the force between the tip and the sample surface on the spring constant
of the cantilever. The deflection of the cantilever can be adjusted during scanning adjusting
the operational force between the tip and the surface. The operational force in contact mode
AFM varies from one to several hundred nano-Newtons. The image formations can be done in
two different ways in contact mode AFM. By recording the Z-position at constant deflection
(force) resulting in a topographic picture of the surface. As mentioned before the photo
detector is divided into four quadrants making it possible to detect the lateral deflection of the
cantilever as it scans the surface. This can be utilized in analysis of apparently flat samples
containing domains with different friction to the tip. This technique is referred to friction
mode or lateral force microscopy. Contact mode is excellent for investigations of hard solid
surfaces but the force between the tip and surface is often sufficiently high to disorder soft
material on the surface during scanning by inelastic deformation.
To overcome the limitations of the contact mode in studying soft materials, modulation
techniques have been developed. In these methods either the cantilever is vibrated at its
resonance or the vertical sample position is modulated. The tip-sample force interaction
causes a change in the amplitude, the phase and the resonance frequency of the vibrating
cantilever. Tapping mode is a modulation mode, where the tip is vertically oscillated at its
resonance frequency. When the sample approaches the vibrating tip, they come into
intermittent contact, thereby lowering the vibration frequency as detected by the reflected
laser beam at the photo detector. The amplitude drop is used as feedback to the Z-direction.
By tapping instead of constant contact, the tip sample lateral force is greatly reduced and the
short tip-sample contact time prevents inelastic surface modification. Topographic images of
the surface are recorded at a preset amplitude drops value. Tapping mode also gives the
possibility to image the phase shift between the driven and the actual oscillations of the
cantilever as a function of the X, Y coordinates analogue to the topographic image. The phase
shift is connected to the dissipation of energy through inelastic processes. The phase image
can reveal differences in viscoelasticity, friction and adhesion between domains on the
surface.
In our case, the AFM measurement used was Nanoscope Dimension 3100 from Veeco/USA
working in tapping mode. It opened in air at constant deflection (i.e., vertical contact force)
with triangular-shaped, Aluminum-coated Si3N4 microlevers. The tip of the microlevers had a
standard aspect ratio (about 1:1), and the levers had a normal force constant of 0.03 N/m. The
constant-force set point was about 0.1 nN, while the images acquired were 256x256-pixel
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maps. All images are standard top-view topographic maps, where the brightness is
proportional to the quota of the features over the sample surface; i.e., light means mountain,
dark means valley. The images shown are generally representative of the samples, since the
same images appear in four different regions of the analyzed samples, positioned at the
vertices of a 4-mm-side square, centered at the specimen.
2.7 Electrochemical Impedance Spectroscopy (EIS)
Virtually every liquid and solid is able to pass current when a voltage is applied to it. When
the voltage is constant (DC), the ratio of the applied voltage to the current (U/I) is known as
the resistance of the material.
If variable voltage (AC) is applied to the material, the ratio U/I is known as the impedance. In
many materials, especially those, which are not generally regarded as conductors of
electricity, the impedance varies as the frequency of the applied voltage changes, due to the
properties of the liquid or solid. This may be due to the physical structure of the material, to
chemical processes within it, or to a combination of both. Thus, if a measurement of
impedance over a suitable frequency range is made, and the results plotted on suitable axes, it
is possible to relate the results to the physical and chemical properties of the material. This
technique is known as Electrochemical Impedance Spectroscopy (EIS) and is used to
investigate a huge variety of materials and chemical mechanisms.
EIS is a power tool for examining many chemical and physical processes in solutions as well
as solids. For solution phase electrochemistry a complex sequence of coupled processes such
as, electron transfer, mass transport and chemical reaction can all control or influence the
output from an electrochemical measurement. The main advantage of EIS is that we can use
purely electronic models to represent an electrochemical cell. An electrode interface
undergoing an electrochemical reaction is typically analogous to an electronic circuit
consisting of a specific combination of resistors and capacitors. For this reason, EIS can be
used to study the property of the conducting polymer films and the adsorption process of the
adhesion promoter on electrode.
The term resistance and impedance both denote an opposition to the flow of electrons or
current. In direct current (DC), only resistors produce this effect. However, in alternating
current (AC) circuits, two other elements, capacitors and inductors, impede the flow of
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electrons, impedance can be expressed as a complex number, where the resistance is the real
component and the combined capacitance and inductance is the imaginary component.
In AC theory, where the frequency is non-zero, the analogous E and I are defined as potential
and current respectively and Z is defined as the impedance, the AC equivalent of resistance.
E = I Z Eq. 2.21
From equation 2.21 we can calculate the impedance vector as the quotient of the voltage and
current vectors:
Ztotal= (E’ + E’’j)/(I’ + I’’j) Eq. 2.22
Where the AC voltage vector, E; can also be expressed as a complex number:
Etotal = E’ + E’’j Eq. 2.23
The resulting vector expression for the AC impedance,
Ztotal = Z’ +Z’’j Eq. 2.24
The absolute magnitude of the impedance can be expressed as
⏐Z⏐=(Z’ + Z’’)1/2 Eq. 2.25
and the phase angle can be defined by
tan θ = Z’’/Z’ Eq. 2.26
In an electrochemical cell slow electrode kinetics, slow preceding chemical reactions and
diffusion can all impede electron flow and can be considered analogous to the resistors,
capacitors and inductors that impede the flow of electrons in an AC circuit.
In an EIS measurement, the specimen is subjected to an AC potential over a range of
frequencies, and the phase (with respect to the applied potential) and amplitude of the current
are measured at each frequency. In order to interpret the EIS results, an equivalent circuit
approximates the impedance response of a specimen. The components of the circuit have a
physical correspondence to components of the specimen. For metal electrodes against a
saturated porous material composed of an insulating solid framework and a pore space filled
with electrolyte, the impedance response can be approximated by an equivalent circuit
composed of resistors R and capacitors C. However, for a polymer film grafted on the
electrode, there is a more complex system. The circuit diagram is different with a combination
of capacitors and resistors. To determine which equivalent circuit describes the behavior of an
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electrochemical system, we measure impedance over a range of frequencies. The standard
technique is to apply an AC voltage or current a wide range of frequencies and measure the
current or voltage response of the electrochemical system.
Fig. 2.13     Setup for EIS measurement
In our experiment, EIS measurements were carried out in a monomer free solution with
Zahner electric IM5d impedance instrument. A Ti disc electrode (A= 0.125 cm2) sealed in
epoxy resin served as the working electrode and Pt plate as the counter electrode. Saturated
calomel electrode (SCE) was used as the reference electrode. An AC amplitude of mV was
applied in the frequency range of 100 KHz to 0.1 Hz using 10 points per decade. For each
film, the impedance spectra were obtained between the potential range 0.4 V to –1.4 V in
steps of 0.1 V. The films were allowed to equilibrate for 10 min at each potential being
measured. Fig. 2.8 shows the setup for measuring EIS.
Reference electrode
(SCE)
Potentiostat
Counter electrode
 (Pt)
Polypyrrole film
Working electrode
Electrochemical cell
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Chapter 3 Ultrathin Films
Ultrathin organic films are currently gaining interest in many areas such as integrated optics,
biosensors, chemical sensors, friction reducing coating, surface orientation layers and
molecular electronics. Most of the applications require well-defined and adhesive films
composed of molecules with tailor-made properties in unique spatial arrangements with respect
to each other and to the substrates.
An organized self-assembly monolayer (SAM) is a single layer of molecules on a substrate in
which the molecules exhibit a high degree of orientation, molecular order and packing (Fig.
3.1). There are two common methods for depositing a monolayer, namely Langmuir-Blodgett
and self-assembly technique. In this work, the self-assembly technique was used to get
monolayer.
Fig. 3.1     Scheme of monolayer structure
3.1 Langmuir-Blodgett (LB) Technique
Typical LB films are prepared by transferring monolayers of amphiphilic molecules at the air-
water interface onto solid substrates. The amphiphilic molecule is a molecule that is insoluble
in water, with one end that is hydrophilic, and, therefore, is preferentially immersed in the
water, and the other that is hydrophobic, and preferentially resides in the air (or in the nonpolar
solvent). The amphiphilic molecules are first dissolved in an organic solvent that is immiscible
with water, spread on the water surface, and compressed by decreasing the area in which the
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molecules are confined, to form a monolayer at the air-water interface. Then the monolayer is
transferred onto a solid substrate either by dipping the substrate through the interface or by
touching it to the interface. The procedure can be used to obtain ultrathin films with the
structure and thickness (monolayer or multilayer) controlled at molecular level. Three possible
structures produced by LB technique are shown in Fig. 3.2.
X Y Z
Fig. 3.2      X, Y and Z –mode in Langmuir-Blodgett film deposition
The first LB film of a conducting polymer was prepared by Iyoda et al. using an amphiphilic
polypyrrole derivative mixed with octadecane [70-73]. This precursor LB film on subsequent
electropolymerization gave a lateral conductivity of 0.1 S/cm and with the conductivity in the
perpendicular direction being 10-11 S/cm. Several other methods were also demonstrated to
fabricate PPy films [74]. Ultrathin films of 3-octadecyl pyrrole and 3-octadecanoyl pyrrole
were also subsequently obtained by using LB technique. 3-Octadecanoyl pyrrole films were
found to be highly anisotropic with conducting in the plane being two orders of magnitude
higher that across the perpendicular direction. LB films of PANi, PPV, PT were also prepared
and studied for possible application in molecular electronics devices [75-79].
3.2 Self-Assembly Technique
3.2.1 Definition of Self-Assembly Monolayer (SAM)
The drawbacks of using LB technique are that it is a time-consuming process and films tend
to be fragile and mechanically instable. The self-assembly technique offers an alternative
route to prepare monolayer thin films of highly ordered multifunctional compounds in a more
effective and time saving manner. This technique is more advantageous than the LB technique
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in the sense that each layer in self-assembly (SA) film can be covalently linked and no
excessive deposition can take place as it is limited by the reactive sites on the layer surface
[80]. In self-assembly technique, monomolecular films of a surfactant are spontaneously
formed on a substrate upon exposure of surfactant solution. The principal driving force for the
formation of such films is the specific interaction between the surfactant head group and the
substrate surface. Depending on the structure of the surfactant, these films can be disordered
(liquid-like) or well-packed, resembling the organization of crystals. The degree of order in a
monolayer is the product of many factors, including geometric considerations, electrostatic
and dipole-dipole interactions within the monolayer, affinity of the head group of the
surfactant to the surface, etc. A successful self-assembly requires a relatively strong bond
between the substrate and an atom or moiety in the surfactant, and an additional lateral
interaction between molecules in the monolayer. The strength of the head group-substrate
bonds and the lateral interactions lead to the monolayer resist removal by a solvent rinse.
Unlike the popular LB monolayer, SAMs remained relatively obscure until the 1980s when
several researchers discovers that long-chain thiols and disulfides spontaneously formed
remarkably well-packed and stable monolayer on gold substrates [81, 82]. SAMs provide
facile means of defining the chemical composition and structure of a surface, therefore, they
have become the focus of intensive investigation. Potential technological applications can be
found in areas such as wetting, lubrication, adhesion, corrosion, biocompatibility, catalyst,
and chemical sensing and nanoscale lithography. When SAMs are used in areas of adhesion,
such surfactants are called adhesion promoters.
3.2.2 Types of Self-Assembly Monolayers on Substrates
There are several types of SA methods that yield organic monolayers. The first is based on the
reaction of trichloro-or trialkoxysilanes with a hydroxylated surface (SiO2 on Si, Al2O3 on Al,
glass, etc.) [83-85], and even gold without any surface oxide [86, 87]. The second,
conveniently prepared by exposure of gold surface to a thiol or disulfide solution, relies on the
strength of sulfur-gold interactions [81, 88]. Generation of alkane radicals near an oxide-free
silicon surface results in the formation of a densely packed SAM in which a methene carbon is
directly bonded to a silicon surface atom [89, 90]. Others include phosphate or a phosphonate
group on oxide surface (Ta2O5, TiO2) [91-94], alcohols and amines on platinum [95], and
carboxylic acids on aluminum oxide [96], and silver [97].
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3.2.3 Energy Interaction in a Self-Assembly Process
Self-assembled monolayers of long chain functionalized compounds (e. g. thiols, silanes,
carboxylic acids, and phosphonic acids) form organic interfaces with properties largely
controlled by the end groups of the molecules comprising the films. These monolayers
provide a unique link between the science of organic surfaces and technologies that seek to
exploit their adaptable characters.
From the energetic point of view, a self-assembly surfactant molecule (adhesion promoter)
can be divided into three parts (Fig. 3.3). The first part is the head group that provides the
most exothermic process, i.e., chemisorption on the substrate surface. The very strong
molecular-substrate interaction results in an apparent bond with pining of the head group to a
specific site in the surface through a chemical bond. This can be a covalent Si-O bond in the
case of alkyltrichlorosilanes on hydroxylated surfaces; a covalent but slightly polar Au-S
bond in the case of alkanethiols on gold, or an ionic –COO-Ag+ bond in the case of carboxylic
acids on AgO/Ag. The energy associated with the chemisorption is of the order of tens of
kcal/mol. As a result of the exothermic head group-substrate interactions, molecules try to
occupy every available binding site on the surface, and in this process they bring the adsorbed
molecules close enough together.
Fig. 3.3     Model of a adhesion promoter
The second molecular part is the spacer, which usually is the alkyl chain. Van der Waals
interactions between the alkyl chain form the adsorbed molecules to an ordered and closely
packed assembly. The energies associated with this interchain Van der Waals interactions are
at the order of few (< 10) kcal/mol (exothermic).
Reaction to a top layer
Interchain Van der Waals
Chemisorption at
the surface
Substrate
Surface-active head goup
(anchoring group)
Spacer
Terminal group
(polymerizable group)
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The third molecular part is the terminal group. When this terminal group is functionalized
with a polymerizable moiety, it can be chemically or electrochemically induced to
polymerize. Successful self-assembly requires a relatively strong bond between the substrate
and an atom or moiety in the molecule, and an additional lateral interaction between
molecules in the monolayer. The strength of the head group-substrate bonds, the lateral
interactions and the density of packing result in sufficient stability that the monolayer resists
removal by a washing with a solvent.
3.3 Preparation of SAMs
3.3.1 Substrates/Head Groups
It is well known that pre-treatment of the substrate has reasonable influence on surface
properties, which direct adsorption of SA molecule. Substrates have to be pre-treated and
activated for a specific chemical interaction between the head group and the active center of
the substrate. The surface of substrate can be either an oxide or unoxide one depending on the
head group. To some extent, the choice of substrate is dictated by the application of the SAM.
For the most highly oriented crystalline SAM, a single crystalline and atomically flat
substrate is desired.
Gold is the most popular substrate for thiol SAMs. Owing to its noble character, gold
substrates can be handled in air without the formation of an oxide surface layer, and can
survive harsh chemical treatments to remove organic contaminants. Evaporated or sputtered
gold films (typically 50-200 nm thick) on glass; silicon or cleaved mica substrates prepare the
gold surface. The driving force for the interaction of alkyl sulphide is the formation of a
covalent bond Au-S [98]. SAMs of alkane thiolates on gold are generally the most
investigated systems as they form unique layers. Therefore, they became ideal model systems
for studying the self-assembly process.
+ HS
   S
    SHS
Au Au
Scheme 3.1     Thiol SAMs
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The other coinage metals, silver and copper, and platinum have also been used as substrates
for thiols SAMs. For freshly evaporated silver or copper thin films, surface oxides exist prior
to SAM deposition. The self-assembly process appears to remove the oxide layer from silver
but not from copper, yielding lower quality SAMs on the latter substrate [99-101].
Modification of oxide surfaces such as SiO2, Al2O3 and TiO2 by organosilanes of the type Y-
spacer-SiX1X2X3 continues to be a promising field of research, due to the process responsible
for the monolayer formation is relatively simple and leads to strongly bonded molecules to
the substrates [102-107]. Substrates like Si/SiO2 can react with trichlorosilanes resulting in a
three dimensional network of reactive Si-OH groups and Si-O-Si bonds. According to Carim
et al. [108] the treatment with pirañha solution yields substrates with the surface of Si-O
group concentration of 5*104/Å2. This is essential for the surface condensation process. For
metal substrates, the surface can be electropolished and then pre-treated with staining solution
(acid-base) or ultrasonically with acetone [109].
+
OH
OH
O
O
Si
O
Si
O
O
Si
Cl
Cl
Cl
Scheme 3.4     SAMs of trichlorosilane on Si/SiO2
Phosphonic acids can be adsorbed on TiO2 and Ta2O5 surface to produce dense, highly
ordered monolayers in a “tails-up “ configuration. It is reported that phosphonic acid possess
strong chelation properties and hence, they are employed as corrosion inhibitors [110], for
metal extraction [111], and in biochemical applications [112].
Titanium and titanium alloy substrates are mainly used in the aircraft industry and marine
equipment due to their low density and high mechanical. They are also considered as the
metallic biomaterials of choice, a field where it is necessary to engineer and control surface
modification of the oxide layer [113] For example, titanium-nanoscaled interdigitated
electrodes are presently investigated for miniature and sensitive biosensors [114].
Normally the incipient oxide film on the surface of titanium is 80 Å thick. Sputtering the
oxide film with argon changes the composition of the oxide film. This is of significance with
- 34 -
respect to many applications like corrosion resistance or the adhesion strength of the adsorbed
molecule. The nature of the oxide film becomes important in deciding the extent of
modification [115].
Tantalum oxide has a high refractive index, which renders it ideal for application in a planar-
waveguide based bioaffinity sensor [116].
3.3.2 Solution Adsorption
Immersion of the substrates into a homogeneous solution of a suitable self-assembly molecule
at room temperature followed by rinsing is the most common approach for depositing the
SAM. Usually any solvent capable of dissolving the molecule is suitable. Ethanol is the most
popular solvent. But for organosilane SAMs, the solvent is usually an apolar hydrocarbon
solvent.
For millimolar or higher concentrations of thiols, a disordered monolayer is deposited in a
few seconds. There is a much slower transformation over a period of hours to days into a
highly oriented and densely packed monolayer [117, 118].
Substrate
Time: seconds to hours
Adsorption
Fast adsorption Spontaneous 
organization
Densely packed
 film
Fig. 3.5     Immersion of a substrate to an adhesion promoter solution leads to formation of a SAM.
                    The principle driving force for SAM formation is the affinity of adhesion promoter head
                    groups for the surface of the support.
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Grafting of alkoxysilanes on oxide surfaces usually requires relatively concentrated solutions
(10-2-1 M) [119,120] to yield dense monolayers, and to control their oligomerization in
solution [119]. Grafting of trichlorosilyl groups is an attractive alternative because low
concentrations (~ 10-3 M) in apolar hydrocarbon solvents (toluene, bicyclohexyl, etc) and
short reaction times are sufficient to form tightly packed monolayers [121, 122].
The rates of the monolayers formation showed strong dependence on the nature of the head
group of the coupling agent. Helmy et al reported that on the basis of the kinetics
measurements, the following range of reactivity on TiO2 was established: C18H37SiCl3 >>
C18H37PO(OH)2 > C18H37Si(CH3)2Cl; C18H37Si(OCH3)3 > C18H37SiH3 [123]
3.4 Application of SAMs in Conducting Polymers
In the field of conducting polymers, most of the studies report the use of pyrrol-, thiophene-
or phenyl-functionalized self -assembly monolayers to increase the adhesion of the polymer
films to the substrate. Rubinstein reported that 4-Mercaptoaniline increases the uniformity of
subsequently deposited polyaniline [124]. Kowalik used mercapto-substituted 2,5-(2-pyrrolyl)
thiophene deposited on gold to enhance the adhesion of thick overlayers of polypyrrole [125].
Willicut and McCarley found that the monolayers formed from a series of short chain ω-(N-
pyrrolyl) alkane thiol monomers can enhance the nucleation, growth, smoothness, and
adhesion of PPy [126-129]. At the same time, Collard and Sayre synthesized 3-substituted
pyrrole monomers with long alkyl chains, they also found that these monomers form well-
ordered monolayers enhance the nucleation and adhesion of poly (3-ethyl pyrrole), as well as
an increase in conductivity [130-132]. Nishizawa et al. found that dodecylsulfonate amplified
the promotion of lateral growth of PPy on n-alkylsilane-treated surface. They attributed the
promotion by alkylsilanes to adsorption of pyrrole monomers and oligomers at the
hydrophobic surface [133]. Mekhalif et al. discovered that alkanethiols on platinum increased
the conjugation length of electro-deposited polybithiophene films. When aromatic thiols were
used, adhesion was improved relative to bare surfaces, the morphology was more rough and
globular, the films were denser, and the conjugation length again increased [134]. Lo et al.
used N-(3-amino propyl) pyrrole to passivate active spots on YBa2Cu3O7-δ, which dominate
the polymer growth dynamics at early polymerization times, allowing PPy to grow uniform
films quickly with good contact to the substrate and improved morphology [135]. Simon et al.
[136] and Wu and Chen [137] for adhering polypyrrole on silicon substrate successfully used
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N- (3- (trimethoxysilyl) propyl pyrrole. Guiseppi-Elie et al. [138] and Faveroll et al. [139]
constructed other original pyrrole substituted organosilane monolayers for grafting
polypyrrole on SiO2 substrate. Huang et al. [140] used patterned n-octadecylsiloxane
monolayers on SiO2 substrates for selective and directed deposition of conducting polymers.
These few examples emphasize that self-assembled monolayers, which have desired control
on molecular level, should be considered as a potential technique for the construction of more
highly ordered and adhesive materials. These researchers reported materials closely related to
our subject.
3.5 Design of Adhesion Promoter
The aim of the project is to graft adhesive conducting polymers onto oxide substrates. For this
purpose the adhesion promoter between an oxide surface and a polymeric matrix is required.
Such kind of adhesion promoters was designed having a surface reactive group, an aliphatic
or aromatic spacer, and a reactive group for top polymer layer.
Fig. 3.6     Model of the synthesized compound
Head group: Among the various anchoring group chemistries available, the relatively robust
nature of siloxane-anchored SAMs and phosphonate-SAMs and their convinient attachment
to a wide range of hydroxyl-and/or oxide-bearing surface makes them particularly attractive
for surface modification in a variety of applications.
Polymerizable group
(terminal group):
Pyrrole, thiophene
Spacer group:
(CH2)n, N= 4,……16
Anchoring group
(head group):
-PO(OH)2; -SiCl3; -Si(CH3)2Cl;
-Si(OR)3
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Helmy and Fadeev reported that SAMs of C18H37Si(CH2)2Cl and C18H37PO(OH)2 show a
uniform mechanism of the film growth, and SAMs of C18H37SiX3 (X= H, Cl, OCH3) have an
island-like mechanism of the film growth [123].
Phosphonic acids forming strong bonds with several metal surfaces were chosen as surface-
active groups (head group) on metal oxide substrates, whereas silane derivatives were used on
silicon surface.
Spacer group: In order to investigate the effect of the alkyl chain length on the adsorption
process and the surface reaction, the flexible alkyl chain functions were used as a distance
holder between two functional groups. Finklea reported that in highly ordered SAMs, the
orientation of the terminal group can depend on the number of methylenes separaring the
terminal group from the anchoring group (the ‘ odd-even ‘ effect) [141].
Terminal group: The choice of the terminal group offers the extension to other polymer
systems. Conducting polymers, which typically cocsist of conjugated double bonds, show
strong inter-chain interaction and are difficult to process due to their non-fusibility and
insolubility. For grafting conducting polymers on the substrates, the introduction of
polymerizable groups like thiophene and pyrrole into the adhesion promoter which allows an
in-situ surface polymerization with further monomers directly on the substrate are necessary.
Therefore pyrrole was chose as terminal groups. As usually grown, polypyrrole films do not
adhere well to substrates, are rough and irregular, and have conductivitie which are too small
for most practical applications. For bulk polypyrrole, it has been shown that the conductivity
can be improved when the material is grown in a more ordered, constrained geometry.
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Chapter 4 Adhesion Promoters
For grafting adhesive conducting polymer films on substrates, there is a need to introduce an
adhesion promoter that would act as a compatibiliser between the polymer and the substrate.
Surface in-situ chemical polymerization or electropolymerization could be practiced such that
the adhesion promoter can bring the polymer and the substrate in contact.
In this chapter, the synthesis of such adhesion promoters, namely functionalized N-pyrrolyl
derivatives and 3-pyrrolyl derivatives that were able to adsorbed on oxide surface and to run
various homo- and copolymerization process (chemically and electrochemically) is described.
The adsorption behavior of these adhesion promoters on oxide substrates was also studied.
The structure of the adhesion promoter is described below.
N SiYn
 
N
H
PO(OH)2n
 
N
H
Si(OMe)3n
 
n= 6, 8, 11, 16
Y= -Cl3, -ClMe2
n= 4, 6, 8, 11 n= 11
Structure 4.1 Structure of adhesion promoters
4.1 Chemistry of Pyrrole
Pyrrole is a colorless liquid, b.p. 129.8°C at 760 torr, m. p. 23.4°C, density 0.970 g/ml at
20°C. It gradually turns brown in air and is slightly hygroscopic, taking up approximately 3%
by weight of water at room temperature. It has low solubility in water but is miscible with
most of the organic solvents. Polymers based on pyrrole ring system show considerable
promising applications as semiconducting and conducting materials.
Structure 4.2     Pyrrole
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Pyrrole is π-excessive (electron-rich) 5-membered heterocycle with six π-electrons
delocalized over the ring. It undergoes electrophilic substitution normally at the 2- or 5- (α)
position. Substitution at 1-, 3-, and 4- positions need drastic conditions. Nucleophillic
substitution is virtually unknown in pyrrole. Valence bond representations of the structure of
pyrrole include the four zwitterionic resonance forms shown in scheme 4.1, so the reactivity
of pyrrole ring towards electrophiles at 2-position is due to Wheland intermediates having the
same number of double bonds as the starting molecule.
N
H
N
H
N
H
N
H
N
H
+ - - +
-
+ +
-
Scheme 4.1     Valence bonds
4. 2 N-Substituted Pyrrole Monomers as Adhesion Promoters
Electrophilic substitution at the nitrogen atom of pyrrole ring normally occurs under strongly
basic conditions, except for proton exchanges, which normally readily occurs under both
mildly acidic conditions or in the presence of aqueous base. The pKa of the pyrrole NH is
17.5, and so, although proton exchange occurs readily in aqueous base, alkylation (or
acylation) can normally be effected by conversion into pyrrolyl Grignard or by use of strong
bases as sodamide, liquid ammonia or potassium t-butoxide in t-butanol or DMSO. Alkylation
on nitrogen can also be effected with aqueous base by the use of phase-transfer catalytic
methods and if electron-withdrawing substituents are present in the pyrrole ring, the more
readily formed N-anions can be alkylated under milder basic conditions.
N-alkylation of pyrrole bearing an acidic hydrogen attached to nitrogen is generally
accomplished by the treatment of this compound with an appropriate base followed by the
treatment of the resulting salt with an alkylating agent.
Since the pyrrolyl anions exhibit ambident behaviour as nucleophile, alkylation can occur at
carbon as well as at nitrogen. The amount of N-alkylation relative to C-alkylation depends on
a number of factors, including the base employed for the deprotonation of the heterocycle, the
solvent, and the alkylating agent. Thus, for the salts derived from pyrrole, the base (and
hence, the cation associated with the pyrrolyl anion) can influence the ratio of N to C
alkylation. Although nitrogen alkylation generally predominates when the cation is a sodium
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or potassium ion, carbon alkylation usually predominates with the harder cations like lithium
or magnesium, which are tightly bound to nitrogen. Various new procedures have been
developed in which the N-alkylation of pyrrole can be accomplished with little or no
interference from the C-alkylation. Some procedures rely on the use of dipolar aprotic
solvents [142-145], one in which thallium salt of pyrrole is employed [146] and several
procedures which rely on phase-transfer catalysis by quaternary ammonium salts [147, 148].
The phase transfer procedures appear to be the most useful in terms of condition, yield, and
convenience. Alkylation is effected by simply stirring a solution containing the alkylating
agent, the heterocycle and a catalyst in the presence of a concentrated solution of sodium
hydroxide. Exclusive N-alkylation is observed but inspire of these advantages there are
several disadvantages, which decrease the applicability of this procedure. For example, when
alkyl iodide is employed as alkylating agent, respectable yields of the product are obtained
only when a stoichiometric amount of the catalyst is used. In addition, there are a number of
solvents in which quaternary ammonium salts are insoluble. Also the functional group
attached to pyrrole nucleus, which are labile to hydrolysis in the presence of hydroxide would
not be able to survive the phase-transfer alkylation procedure catalysed by quaternary
ammonium salts.
Another method that takes care of the above drawbacks uses 18-crown-6 as catalyst and
potassium t-butoxide as base. The procedure is convenient and mild and generally gives rise
to exclusive N-alkylation [149].
We chose a molecule containing two reactive functional groups, i. e. pyrrole and silane
connected by an alkyl chain. Silane was taken as the other functional group as previous
studies showed that silane produced oriented, well-ordered monolayers on a flat oxide surface
and also resulted in stable and adhesive film.
4.2.1 Synthesis of (N-pyrrolyl) Alkyl Silanes
As discussed above various methods are available in literature for the synthesis of N-
derivatives of pyrrole. A three-step route was adopted to synthesize the (N-pyrrolyl) alkyl
silanes [150]. The first step was the conversion of pyrrole into its potassium salt which served
as a precursor for the synthesis of (N-pyrrolyl) alkene [144, 145, 151]. This intermediate is
known and has been synthesized [152]. The formation of the potassium salt of pyrrole
requires inert atmosphere and complete anhydrous conditions for its synthesis. Alkylation is
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then achieved without the isolation of the potassium salts by addition of an excess of the
appropriate alkene halide at room temperature.
N
H
K
N
K
+
THF
 65  C0
Scheme 4.2     Synthesis of pyrrole potassium salt
The reaction of alkali metal salt of pyrrole with alkene halide is complex but alkylation at
nitrogen is usually predominant (see Scheme 4.3), this depends on the number of factors, the
most important being the medium of reaction and the size of the alkali metal. Thus, the
sodium and potassium salts (ionic radii of 0.98 Å for Na+ and 1.33 Å for K+) of pyrrole form
predominantly nitrogen-alkylated products, whereas Li and Mg salts (each with an ionic
radius of 0.78 Å) give predominantly carbon-alkylated products. For a given medium, both
under heterogeneous conditions and in solution, the relative percentage of N-alkylation
increases with the decreasing coodinating ability of the cation in the order
Li+<Na+<K+<(CH3)3NC6H5+. Addition of tetra-butylammonium bromide to any reaction
mixture increases the relative percentage of N-alkylation.
In non-polar organic solvents the alkali metal salts of pyrrole are highly dissociated through
co-ordination of the nitrogen in the pyrrolyl ion. The use of DMSO as a dipolar aprotic
solvent is well known and excellent results have been obtained. Due to DMSO, the salt is
highly solvated and hence dissociated and relatively soluble. In general, the percentage of
alkylation at the nitrogen atom (N-position) increases with the solvating power of the medium
and decreases with the coordinating ability of the metal ion. These effects are explained on
the basis of the dissociation of the pyrrolyl-metal ion pair.
On this basis, the reaction mechanism is postulated as given
Scheme 4.3     Mechanism of N-alkylation
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Two times excess of alkene halide in DMSO was added dropwise to the solution of potassium
pyrrole salt in DMSO under the following conditions.
N
H
Br n
 N+ DMSO, 48h
RT ( )n
Scheme 4.4    Synthesis of ω-(pyrrol-1-yl) alkene
The N-pyrrole alkyl chlorosilane was obtained by hydrosilylation of N-pyrrole alkene
according to Anti-Markovnikow mechanism [153-155].
N
n
 
HSiClMe2
Si )2   (cat.)PtO
N
Si
Cl
n
 
(
Scheme 4.5     Hydrosilylation
Hexachloroplatinic acid was usually used as hydrosilylated catalyst due to the mild reactive
conditions. Compared to hexachloroplatinic acid, 1,3-divinyl-1,1,3,3-tetramethyldisiloxan
platinum (0)-complex has more advantages. It is a homogeneous catalyst and has high
selectivity for reaction [156].
In this work, homogeneous catalyst 1,3-1,1,3,3-tetramethyldisiloxan-platin (0)-complex was
used.
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4.2.1.1 Synthesis of ω-(pyrrol-1-yl) alkene
N
H
K
N
K
Br
n
 
N+
THF
65  C DMSO, RT0
( )n
 n = 4,  6,  9, 14
Scheme 4.6     Synthesis of ω-(pyrrol-1-yl) alkene
A total of 1.17 g (30 mmol) of potassium, freshly cut into small pieces under n-heptane, was
added to a solution of 2.52 g (338 mmol) of pyrrole in 80 ml dry THF under dry argon
atmosphere. The mixture was warmed until the potassium melted and was then stirred until all
traces of potassium had disappeared. To this mixture, 20 ml DMSO was added, and then the
solution of 60 mmol of alkene bromide in 100 ml of DMSO was added over a period of 1
hour. The mixture was stirred at room temperature for 2 days. Then the solution was poured
into saturated sodium bicarbonate solution. The organic layer was separated and the aqueous
layer extracted with 50 ml portions of ether (3 times). The combined ether extracts and
organic phase were dried over MgSO4 and then the solvent was removed under vacuum. The
pure colorless compound was obtained by column chromatography (eluent: n-
hexene:dichloromethane, 10:1).
Identification:
• 6-(pyrrol-1-yl) hexene:
N
2
3
4
5
6
7
8
9
10
11
Structure 4.3     Structure of 6-(pyrrol-1-yl) hexene
Yield: 43.5%
1H-NMR (500 MHz, chloroform, δ in ppm): 6.67 [2H, (H2, 5), m], 6.16 [2H, (H3, 4), m],
5.84-5.76 [1H, (H10), m], 5.05-4.98 [2H, (H11), m], 3.91-3.87 [2H, (H6), J 6, 7 = 7.1Hz, t],
2.12-2.08 [2H, (H9), m], 1.84-1.80 [2H, (H7), m], 1.45-1.40 [2H, (H8), m].
IR (chloroform, νmax/cm-1): 3101-3078 (arom. C-H), 2933 (νas CH2), 2861 (νs CH2), 1641
(C=C), 1541-1501 (pyrrole ring), 1441-1371 (C-N).
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Elemental analysis:
C10H15N: Calculated: C, 80.48; H, 10.13; N, 9.39.
Found: C, 80.62; H, 9.98; N, 9.50.
• 8-(pyrrol-1-yl) octene:
N
2
3
4
5
6
7
8
9
10
11
12
13
Structure 4.4     Structure of 8-(pyrrol-1-yl) octene
Yield: 65.7%
1H-NMR (500 MHz, chloroform, δ in ppm): 6.67 [2H, (H2, 5), m], 6.16 [2H, (H3, 4), m],
5.86-5.78 [1H, (H12), m], 5.04-4.96 [2H, (H13), m], 3.90-3.87 [2H, (H6), J 6, 7 =7.1Hz, t],
2.09-2.06 [2H, (H11), m], 1.83-1.78 [2H, (H7), m], 1.48-1.38 [6H, m].
IR (chloroform, νmax/cm-1): 3101-3075 (arom. C-H), 2928 (νas CH2), 2856 (νs CH2), 1640
(C=C), 1539-1500 (pyrrole ring), 1447-1360 (C-N).
Elemental analysis:
C12H19N: Calculated: C, 81.30; H, 10.80; N, 7.90.
Found: C, 81.73; H, 10.62; N, 8.27.
• 11-(pyrrol-1-yl) undecene:
N
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
Structure 4.5     Structure of 11-(pyrrol-1-yl) undecene
Yield: 77.5%
1H-NMR (500 MHz, chloroform, δ in ppm): 6.67-6.66 [2H, (H2, 5), m], 6.16-6.15 [2H,
(H3, 4), m], 5.87-5.79 [1H, (H15), m], 5.04-4.94 [2H, (H16), m], 3.89-3.86 [2H, (H6), J 6, 7 =
7.2Hz, t], 2.07-2.04 [2H, (H14), m], 1.81-1.76 [2H, (H7), m], 1.51-1.30 [12H, m].
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IR (chloroform, νmax/cm-1): 3101-3076 (arom. C-H), 2926 (νas CH2), 2854 (νs CH2), 1640
(C=C), 1538-1500 (pyrrole ring), 1460-1365 (C-N).
Elemental analysis:
C15H25N: Calculated: C, 82.13; H, 11.49; N, 6.39.
Found: C, 82.61; H, 11.44; N, 6.74.
• 16-(pyrrol-1-yl) hexdecene:
N
2
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
Structure 4.6     Structure of 16-(pyrrol-1-yl) hexdecene
Yield: 79.6%
1H-NMR (500 MHz, chloroform, δ in ppm): 6.64 [2H, (H2, 5), m], 6.13 [2H, (H3, 4), m],
5.85-5.77 [1H, (H20), m], 5.01-4.92 [2H, (H21), m], 3.87-3.84 [2H, (H6), J 6, 7 = 7.2Hz, t],
2.06-2.02 [2H, (H19), m], 1.78-1.74 [2H, (H7), m], 1.52-1.25 [22H, m].
IR (chloroform, νmax/cm-1): 3101-3076 (arom. C-H), 2924 (νas CH2), 2653 (νs CH2), 1640
(C=C), 1536 -1500 (pyrrole ring), 1462-1366 (C-N).
Elemental analysis:
C20H35N: Calculated: C, 82.98; H, 12.18; N, 4.84.
Found: C, 83.72; H, 12.23; N, 4.19.
4.2.1.2 Synthesis of ω-(pyrrol-1-yl) alkyl silanes
The same procedure was applied for the synthesis of 1-pyrrolyl-alkyl dimethylchlorosilane
(PMCS) and 1-pyrrolyl-alkyl trichlorosilane (PUTS).
In a round flask was added 0.5 g ω-(pyrrol-1-yl) alkene, 5 ml dimethylchlorosilane and a
catalytic amount of 1,3-divinyl-1,1,3,3,-tetramethylsiloxane platin complex at –5 ~ 0°C. The
mixture was stirred at low temperature for 1 hour. Then the mixture was warmed to room
temperature and stirred overnight. The excess dimethylchlorosilane was removed to get
desired compound, respectively.
Identification:
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• 6-(pyrrol-1-yl hexyl) dimethylchlorosilane (PMCS-6):
N
Si Cl
2
3
4
5
6
7
8
9
10
11
Structure 4.7     Structure of 6-(pyrrol-1-yl hexyl) dimethylchlorosilane
1H-NMR (500 MHz, chloroform, δ in ppm): 6.65 [2H, (H2, 5), m], 6.14 [2H, (H3, 4), m],
3.87-3.84 [2H, (H6), J 6, 7 = 7.2Hz, t], 1.80-1.76 [2H, (H7), m], 1.43-1.30 [6H, m], 0.82-0.79
[2H, (H11), J 10, 11= 8.0Hz, t], 0.41 [6H, Si-CH3, s]
13C-NMR (500 MHz, chloroform, δ in ppm): 120, 108, 49, 31, 31, 26, 24, 22.
29Si-NMR (500 MHz, chloroform, δ in ppm): -67.90
IR (chloroform, νmax/cm-1): 3103 (arom. C-H), 2925 (νas CH2), 2856 (νs CH2), 1500-1452
(pyrrole ring), 1407-1363 (C-N), 1252 (νas CH3 def.), 841-795 (Si-CH3 rocking vib.), 615 (Si-
Cl).
Elemental analysis:
C12H22ClNSi: Calculated: C, 59.11; H, 9.09; N, 5.74.
Found: C, 60.03; H, 9.30; N, 5.24.
• 8-(pyrrol-1-yl octcyl) dimethylchlorosilane (PMCS-8):
N
Si Cl
2
3
4
5
6
7
8
9
10
11
12
13
Structure 4.8     Structure of 8-(pyrrol-1-yl octyl) dimethylchlorosilane (PMCS-8)
1H-NMR (500 MHz, chloroform, δ in ppm): 6.65 [2H, (H2, 5), m], 6.14 [2H, (H3, 4), m],
3.88-3.85 [2H, (H6), J 6, 7 = 7.2Hz, t], 1.79-1.75 [2H, (H7), m], 1.42-1.30 [10H, m], 0.83-0.79
[2H, (H13), J 12, 13= 8.0Hz, t], 0.41 [6H, Si-CH3, s]
13C-NMR (500 MHz, chloroform, δ in ppm): 120, 107, 49, 32, 31, 29, 26, 22, 18.
29Si-NMR (500 MHz, chloroform, δ in ppm): -67.90
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IR (chloroform, νmax/cm-1): 3101 (arom. C-H), 2924 (νas CH2), 2854 (νs CH2), 1500-1462
(pyrrole ring), 1406-1364 (C-N), 1253 (νas CH3 def.), 841-796 (Si-CH3 rocking vib.), 617 (Si-
Cl).
Elemental analysis:
C14H26ClNSi: Calculated: C, 61.84; H, 9.64; N, 5.15.
Found: C, 62.88; H, 9.85; N.4.87.
• 11-(pyrrol-1-yl undecyl) dimethylchlorosilane (PMCS-11)
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Structure 4.9     Structure of 11-(pyrrol-1-yl undecyl) dimethylchlorosilane (PMCS-11)
1H-NMR (500 MHz, chloroform, δ in ppm): 6.64 [2H, (H2, 5), m], 6.13 [2H, (H3, 4), m],
3.87-3.84 [2H, (H6), J 6, 7 = 7.2Hz, t], 1.78-1.73 [2H, (H7), m], 1.41-1.25 [16H, m], 0.82-0.79
[2H, (H16), J 15, 16= 8.1Hz, t], 0.39 [6H, Si-CH3, s]
13C-NMR (500 MHz, chloroform, δ in ppm): 120, 107, 49, 32, 31, 29, 29, 26, 22, 18.
29Si-NMR (500 MHz, chloroform, δ in ppm): -67.87
IR (chloroform, νmax/cm-1): 3101 (arom. C-H), 2926 (νas CH2), 2854 (νs CH2), 1500-1460
(pyrrole ring), 1407-1363 (C-N), 1254 (νas CH3 def.), 841-795 (Si-CH3 rocking vib.), 616 (Si-
Cl).
Elemental analysis:
C17H32ClNSi: Calculated: C, 65.03; H, 10.27; N, 4.46.
Found: C, 65.56; H, 9.98; N, 4.31.
• 16-(pyrrol-1-yl hexadecyl) dimethylchlorosilane (PMCS-16):
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Structure 4.10     Structure of 16-(pyrrol-1-yl hexadecyl) dimethylchlorosilane (PMCS-16)
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1H-NMR (500 MHz, chloroform, δ in ppm): 6.64 [2H, (H2, 5), m], 6.13 [2H, (H3, 4), m],
3.86-3.82 [2H, (H6), J 6, 7 = 7.2Hz, t], 1.77-1.73 [2H, (H7), m], 1.40-1.20 [26H, m], 0.80-0.78
[2H, (H21), J 20, 21= 8.1Hz, t], 0.39 [6H, Si-CH3, s]
13C-NMR (500 MHz, chloroform, δ in ppm): 120, 107, 49, 32, 31, 29, 29, 26, 22, 18.
29Si-NMR (500 MHz, chloroform, δ in ppm): -67.85
IR (chloroform, νmax/cm-1): 3101 (arom. C-H), 2926 (νas CH2), 2854 (νs CH2), 1500-1460
(pyrrole ring), 1407-1363 (C-N), 1252 (νas CH3 def.), 841-795 (Si-CH3 rocking vib.), 616 (Si-
Cl).
Elemental analysis:
C22H42ClNSi: Calculated: C, 68.79; H, 11.02; N, 3.65.
Found: C, 70.59; H, 11.62; N, 3.18.
• 6-(pyrrol-1-yl hexyl) trichlorosilane (PUTS-6):
N
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Cl
Cl
Cl2
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Structure 4.11     Structure of 6-(pyrrol-1-yl hexyl) trichlorosilane (PUTS-6)
1H-NMR (500 MHz, chloroform, δ in ppm): 6.64 [2H, (H2, 5), m], 6.15 [2H, (H3, 4), m],
3.87-3.84 [2H, (H6), J 6, 7 = 7.2Hz, t], 1.79-1.75 [2H, (H7), m], 1.43-1.30 [6H, m], 0.82-0.79
[2H, (H11), J 10, 11= 8.0Hz, t].
13C-NMR (500 MHz, chloroform, δ in ppm): 120, 108, 49, 31, 31, 26, 24, 22.
IR (chloroform, νmax/cm-1): 3103 (arom. C-H), 2925 (νas CH2), 2856 (νs CH2), 1500-1452
(pyrrole ring), 1407-1363 (C-N), 615 (νas Si-Cl).
Elementalal analysis:
C10H16Cl3NSi: Calculated: C, 42.13; H, 5.62; N, 4.92.
Found: C, 41.25; H, 5.78; N, 4.53.
• 11-(pyrrol-1-yl undecyl) trichlorosilane (PUTS-11):
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Structure 4.12     Structure of 11-(pyrrol-1-yl undecyl) trichlorosilane (PUTS-11)
1H-NMR (500 MHz, chloroform, δ in ppm): 6.65 [2H, (H2, 5), m], 6.12 [2H, (H3, 4), m],
3.86-3.84 [2H, (H6), J 6, 7 = 7.2Hz, t], 1.78-1.71 [2H, (H7), m], 1.41-1.25 [16H, m], 0.82-0.79
[2H, (H16), J 15, 16= 8.1Hz, t].
13C-NMR (500 MHz, chloroform, δ in ppm): 120, 107, 49, 32, 31, 29, 29, 26, 22, 18.
IR (chloroform, νmax/cm-1): 3101 (arom. C-H), 2926 (νas CH2), 2854 (νs CH2), 1500-1460
(pyrrole ring), 1407-1363 (C-N), 616 (νas Si-Cl).
Elemental analysis:
C15H26Cl3NSi: Calculated: C, 50.73; H, 7.33; N, 3.95.
Found: C, 51.07; H, 7.82; N, 3.14.
4.3 Monolayer Formation and Characterization
Self-assembly technique was used to get adsorbed layer on different substrates. Prior to
monolayer formation the surface must be pretreated because the organic compounds from the
air contaminate the surface. This contamination hinders the chemisorption of the compound
onto the surface. Specific surface treatments are needed for metal/metal oxide substrate.
The silicon wafer was first treated with pirañha solution. The surface was treated with 3:1
(v/v) of concentrated H2SO4 and 30% H2O2 at 90°C for 30 min to clean the surface and
produce more surface hydroxyl groups [157]. The acid-treated substrates were then washed
with copious amounts of water and blown dry with argon.
The thickness of the silicon oxide overlayer on the silicon substrates before and after piranha
solution treatment was calculated using ellipsometric parameters and Daf IBM software with
the following settings (single layer mode): air, n0 = 1, silicon oxide layer, n2 = 1.458, silicon
substrate, ns = 3.8600, ks = 0,018 (imaginary part of the refractive index). The thickness of
silicon oxide for untreated samples was 3.9 ± 0.05 nm (average of three samples), and it is
increased slightly (4.1 ± 0.05 nm) after the acid treatment.
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TiO2 substrates were cleaned in a sonication bath first with chloroform (5 min), then with
acetone (5min), and finally ethanol (5 min). The substrates were then immersed in a mixture
of H2O/30% H2O2 / NH3 (2:1:1 v/v) for 5s at 80°C. The substrates were rinsed with copious
amounts of distilled water and dried under an argon flow [158].
The monolayers were formed by immersion of the substrates in a suitable concentrated
solution of the organosilanes in bicyclohexyl from 5 min to 48 hours. The samples were then
cleaned from the physisorbed silanes by sonication in three consecutive steps (10 min each) in
fresh chloroform. They were dried in an argon flow and stored under argon atmosphere before
characterization. The strategy for deposition of PMCS on oxide substrates is shown in scheme
4.7.
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Scheme 4.7     Adsorption of PMCS on oxide substrates
The adsorbed layer was characterized by several techniques such as contact angle
measurements, grazing incident FTIR, UV-VIS spectroscopy, SPR, XPS etc to identify the
presence, order and orientation of the compound on the surface.
4.3.1 Contact Angle Measurement
The synthesized compounds were studied for their adsorption behavior on the oxidized
surfaces. The contact angle was measured to investigate the presence of the compound on the
surface and the wettability of the surfaces. Therefore, the adsorption was studied by varying
solvent and adsorption time with PMCS-11 and PUTS-11 as model compounds.
The static contact angles of PMCS-11 in different solvents are presented in Fig. 4.1. The
contact angle data showed that apolar hydrocarbon solvents (bicyclohexyl) and long reaction
times lead to high hydrophobicity of the corresponding adsorbed layer [159].
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These results indicated that the reactions of dimethylchlorosilanes at the solution-solid
interface were very slow in the later stages of the reaction, and long reaction times (tens of
hours /several days) are necessary.
Figure 4.2 presented the contact angle data for the PUTS-11 and PUTS-6 at different
adsorption time. The contact angle data showed that the adsorption takes place very fast in
several minutes, and the contact angles increases with chain length. This is because water
penetrates the layer and interacts with silanols on the surface of the monolayers with short
alkyl groups but does not penetrate the layer with longer alkyl groups [160].
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Fig. 4.1     Contact angle of PMCS-11 in different solvent
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Fig. 4.2     Contact angle of PUTS-11 and PUTS-6 on Si wafer in different adsorption times
The contact angles of PUTS-11 and PMCS-11 in different concentrations were also measured
(Fig. 4.3). From this figure, we can see that loose packed monolayer is formed for PUTS-11at
concentrations lower than 0.033% (v/v) (≅ 1 mmol) leading to hydrophilic surfaces. For
further investigations, 0.033% (v/v) solution was used.
Dimethylchlorosilanes contain only one hydrolysable group in the molecule. It is attractive in
terms of the reproducibility of surface structures because only one type of grafting is possible
in the system, i.e. covalent attachment to the surface by chemical bonds (Si-O-Si). Therefore,
to yield a dense monolayer relatively high concentrated solutions are possible compared with
that of trichlorosilanes (Fig. 4.3).
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Scheme 4.8    Possible products of the reaction of alkylchlorosilane with silicon dioxide surface
                        (adapted from A. Y. Fadeev et al.) [160]
Trichlorosilane, compared to monochlorosilane analogues, is more reactive and is capable of
polymerizing in the presence of the additional of moisture, which gives rise to a number of
possible surface structures (Scheme 4.8) [160]. Therefore, in high concentration vertical
polymerization is favoured leading to a low contact angle.
There are some important conclusions from these contact angle results: (a). The time required
to reach maximum non-wettability (high contact angle) increases with decreasing
concentration of PMCS. (b). It takes much higher concentration to produce a good monolayer
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on substrate for PMCS. (c). It is necessary to work with low concentrations in apolar
hydrocarbon solvents and short adsorption time to form good monolayer.
Table 4.1     Contact angles and thickness of monolayers
Compounds PMCS-6 PMCS-8 PMCS-11 PMCS-16 PUTS-11
Contact angle[°] 97.2±1.4 96.5±1.7 98.8±0.8 99.0±1.4 70.9±1.6
Layer thickness [nm] 0.10±0.3 1.2±0.1 1.5±0.4 2.6±0.1 1.6±0.5
Calculated length [nm] 1.4 1.5 2.1 2.7 2.1
Tilt angle [°] 48.2 37.9 44.2 15.8 38.7
Fig. 4.5     Definition of tilt angle of adsorbed monolayer
The thickness of the layers and corresponding contact angles of different chain length PMCS
and PUTS were determined by ellipsometry and are presented in table 4.1.
The static contact angles showed that the longer alkyl chain of PMCS lead to high
hydrophobicity of surface. The thickness of the absorbed layers is in the order of the single
molecule size; thus the layers are monomolecular, and the thickness increases gradually with
alkyl chain length. This result indicated that PMCS with longer alkyl chains formed more
compact monolayers on the substrates. It was also found that the thickness of PMCS and
PUTS-11 on silicon wafers is not proportional to the chain length of the alkyl group and all
are smaller than the size of PMCS and PUTS-11 calculated from molecular models. The
thickness of these monolayers is consistently less than the length of PMCS and PUTS
calculated from molecular models, which agrees with the literature reported for
alkyltrichlorosilanes [160]. Theoretical and experimental research found that the molecule
absorbed on the surface of the substrate is not perpendicular to the surface but are tilted on the
surface [161]. Because the head-group of the adhesion promoter absorbed on the surface has
more volume than the alkyl group. Especially the terminal-group is pyrrole ring. Given the
cross-section area of the pyrrole ring, a configuration consisting of alkyl chains perpendicular
to the surface would leave much free volume in the assembly. However, van der Waals
Si Si
β
Layer thickness
Molecule length
cos =β
- 56 -
interactions to form the molecule are only effective when the alkyl chains have a minimum
length of 10 C and when the alkyl chains close together. By tilting the molecules from the
normal, the chains need less space and van der Waals interactions have more effective (Fig.
4.6). Therefore, to achieve close packing, the monolayer usually has tilt angle. The tilt angle
of the PUTS-11 monolayer on silicon wafer was smaller than that of the PMCS-11 monolayer
because of high bonding density. This is consistent with the fact that the two methyl groups of
PMCS at the silicon atom need more space. Monochlorosilane cannot form closely packed
structures on the surface.
Fig. 4.6     Formation of close-packing monolayer
4.3.2 UV-VIS Spectroscopy
UV-VIS spectroscopy was used to establish the presence and to estimate the surface coverage
of the monolayers on substrate. In order to compare with the monolayer, transmission spectra
of the three monomers, pyrrole and N-methyl pyrrole (0,5 mM respectively) in ethanol are
shown in Fig. 4.7. Up to approximately 240 nm, the spectra for all compounds were
featureless, at higher energies there was a strong adsorption peak. The absorbance for PMCS
as well as N-methyl pyrrole began at a lower energy due to a bathochromic shift from the
substituent at 1-position [162, 163] and the same large adsorption peak due to the pyrrole
moiety.
space θ
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Fig. 4.7     UV-VIS spectra of monomers in ethanol
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Fig. 4.8     UV-VIS spectra of PMCS monolayers on quartz
The adsorption of PMCS monolayers deposited on quartz from bicyclohexyl for 48 hours
were shown in Fig. 4.8. Like the free monomers, the PMCS monolayers showed a strong
increase in adsorption below 240 nm, beginning at 250 nm. The absorbance below 240 nm is
due to the pyrrole moiety of the PMCS, not the alkyl chains [164]. For a comparison, we
examined an undecyl dimethylchlorosilane monolayer prepared in the same way, and it did
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not absorb between 300 nm and 200 nm due to no conjugated system in the molecule. The
spectra, therefore, established that there were PMCS monolayers on the substrate.
A rough calculation of the amount of material on the surface can be made using the molar
extinction coefficient of the monomers. Absorbance (A= - log (transmission)) was converted
to molar extinction coefficient, ε, using Lambert Beer’s law. The concentration of the
monomers in ethanol was 0.5 mmol. The solutions were measured in quartz cuvettes with 0.5
cm depth. The maximum ε for all five monomers was ca. 7000 L/(mol cm). In the Lambert-
Beer law, the absorbance A is unitless and the extinction coefficient ε has units of L/(mol
cm), which is equivalent to 1000 cm2/mol. If we assume an isotropic orientation of the
monolayer, and that the monolayer and an equivalent amount of material in solution absorb
the same amount of light, then we can use A/ε to obtain the surface concentration. Table 4.2
gave the average absorption of PMCS on substrates. This figure was not corrected for surface
roughness. Although the measured absorbance was the result of subtracting two large
numbers, and is there fore prone to error, the calculated surface concentration is surprisingly
close to the 4 x 10-10 – 9 x 10-10 mol/cm2 usually reported for surface coverage of self-
assembled monolayers (SAMs) of alkyldimethylchlorosilane [165-169].
Table 4.2     Calculated surface concentration of PMCS on quartz
Compounds Absorbanc
e (A1)
(in solution)
ε (L/mol cm)
(ε = A1/C1*l)
Absorbance
(A2)
(on quartz)
Adsorption
(mol/cm2)
(A2/ε*l)
Cross-sectional
area
(Å2/molecule)
PMCS-8 1.53 6120 0.0026 3.9x10-10 42.6
PMCS-11 1.52 6080 0.0031 5.1x10-10 32.6
PMCS-16 1.76 7500 0.0072 9x10-10 20
4.3.3 Surface Plasmon Resonance Spectroscopy (SPR)
The rates of surfactant like adhesion promoter adsorption onto a solid were determined by the
transport of surfactant from the bulk solution to the surface and the intrinsic kinetics of
adsorption and desorption. The adsorbed film formation due to the interactions between the
surface and the surfactant. Surface plasmon resonance spectroscopy was used to study the
kinetics of adsorption and desorption processes and the rate of the PMCS monolayer
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formation. Therefore, special substrates were prepared: on LaSFN9 glass sheets, 50 nm gold
were evaporated and then a 2.5 nm Al2O3 layer was deposited on which the adsorption of the
adhesion promoter took place. In our SPR experiments with the stable cell, the reflected light
is proportional to the quantity of material adsorbed and the time change in reflectance is
related to the adsorption/desorption kinetics.
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Fig. 4.9     SPR spectra of PMCS measured in kinetic mode
In Fig. 4.9, the change in reflectivity is depicted as a function of time. Two factors influenced
the reflectivity, such as refractive index and thickness. From SPR spectrum, we are not sure
which factor effected the reflective intensity. But we can see the reflective intensity changed
with the adsorption time. This indicated that surface properties are changed due to adsorption.
4.3.4 Grazing Incident FTIR
Grazing incident FTIR was measured to study the presence and the order of the monolayer on
the substrates. The IR spectra are shown in Fig. 4.10. A prominent feature of this spectrum is
the presence of symmetric and asymmetric CH2-stretching vibrations (at 2850 and 2918 cm-1
respectively), revealing the presence of methylene groups in the molecule. The presence of
the band of Si-O-Si vibration (1130 –1140 cm-1) in the spectrum of PMCS-8 on Ti revealed
that the formation of the monolayer on Ti. The order in the PMCS-8 layers can be assessed
from the position of the CH2-stretching vibration. As shown in previous studies [170, 173],
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the frequency of the CH2-stretching vibration is characteristic for long-chain SAM’s
indicating close packed structures. For completely disordered structures, the frequency of the
CH2-stretching is close to that of a liquid alkane (νas~ 2924 cm-1). For well-ordered SAMs,
the frequency is shifted to lower wavenumbers, and it is close to that of a crystalline alkane
(νas ~ 2915-2918 cm-1) [174]. Fig. 4.10 shows that CH2-stretching of PMCS-8 is 2918 cm-1.
This indicates SAMs with a high degree of order.
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Fig. 4.10     Grazing incident FTIR spectrum of PMCS-8 on Ti
We found that νas CH2 is decreasing with the increasing concentration of solution or
adsorption time (see Fig. 4.11). During the adsorption, the early stages of the reactions can be
pictured as isolated grafted molecules randomly distributed on the substrate. As the surface
coverage increases, the order in the monolayer gradually increase (νas CH2 decrease),
approaching the final highly ordered or the closely packed state.
- 61 -
3000 2950 2900 2850 2800
0,000
0,004
0,008
0,012
0,016
0,020
 PMCS-11 on Ti 6h adsorption
 PMCS-11 on Ti 12h adsorption
 PMCS-11 on Ti 24h adsorption
 PMCS-11 on Ti 36h adsorption
Ab
so
rb
an
ce
 [a
.u
.]
Wavenumber [cm-1]
Fig. 4.11     Grazing incident IR spectra of PMCS-11 on Ti at different adsorption time
4.3.5 X-Ray Photoelectron Spectroscopy (XPS)
XPS spectroscopy was used to get information about the surface composition and orientation
of the adsorbed molecules on substrates.
XPS characterized the orientation of the PMCS and PUTS on oxidized substrates. Figure 4.12
showed the survey spectrum of PUTS-11 on Si substrate. Table 4.3 presented the element
concentration of PMCS and PUTS on Si substrates at different take off angles.
Figure 4.12 showed the survey spectrum of adsorbed PUTS on Si. The peaks of N and C
belonging to the adsorbed molecule are clearly visible. The finding of N and C indicated that
the adsorption of the molecules took place on the Si/SiO2. Cl2p peak was observed in PUTS-
11 survey spectrum, indicating the incomplete hydrolysis of Si-Cl bonds to yield Si-O-Si
bond between molecules. In order to check the stoichiometry of the grafted layers formed
from PUTS-11, PMCS-11 and PMCS-8, Table 4.3 also provided the C/N and Si/N ratios at
different take-off angles. The derived C/N ratio for PUTS-11 at 45° take-off angle was close
to the theoretical value 15/1, indicated that there was no contaminant on the surface. In the
case of PMCS-11, the derived C/N ratio at 45° take-off angle was higher than the theoretical
value 17/1, indicated some contaminant on the surface. Fig. 4.13 showed the carbon
concentration dependent on the take-off angle. From this figure we can see, that the carbon
concentration decreases with the increase of the take-off angle. The sharp dependence of the
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carbon concentration on take-off angle supports the ellipsometry and contact angle data
indicating that these layers are densely packed with pyrrole group on top of the monolayers
[160].
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Fig. 4.12     Survey spectrum of PUTS-11 on silicon
Table 4.3     Angle dependence of the relative atomic concentration (%) for Si wafer after modification
by PMCS and PUTS
(a). PUTS-11
Take-off
angle [0]
C1s (%) N1s (%) Si2p (%) C/N Si/N
20 76.37 3.86 19.77 19.7 5.1
45 62.62 2.74 34.64 22,8 12.6
70 53.02 2.97 44.01 17.8 14.8
85 50.09 1.99 47.92 25.1 24.1
(b). PMCS-11
Take-off
angle [0]
C1s (%) O1s (%) N1s (%) Si2p (%) C/N Si/N
15 77.68 9.06 4.47 7.95 17.3 1.7
45 63.00 19.98 2.91 13.37 21.6 4.6
75 57.29 23.99 3.41 14.33 16.8 4.2
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(c). PMCS-8
Take-off
angle
[0]
C1s (%) O1s (%) N1s (%) Si2p (%) C/N Si/N
15 76.93 7.76 6.03 7.56 12.7 1.2
45 60.76 16.37 5.81 15.43 10.5 2.6
75 47.65 29.77 4.00 17.32 11.9 4.33
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Fig. 4.13     Carbon content for silicon-supported layers of PMCS and PUTS at different detection angles
Angle-resolved XPS measurements were also done to study the orientation of the adsorbed
PMCS on Ti oxide substrate. The measurements were done at 15°, 45°, and 75° angles. By
varying the take off angle we get information from different depths of the adsorbed layer.
Therefore, special marker atoms were used: N from the pyrrole group and Si from the silane
group. We calculated ISi/IN to get an indication how the molecule is oriented on the surface
relative to the detection angle. At a low take-off angle more N atoms were observed and at
high take-off angle more Si atoms. An increase in the Si/N ratio with increasing take-off angle
indicated that the molecules are oriented with the pyrrole group on top and the silane group
attached to the surface (Fig. 4.14).
- 64 -
10 20 30 40 50 60 70 80
0,8
0,9
1,0
1,1
1,2
 PMCS-8 on Ti
Si
/N
 
Take-off angle[0]
 PMCS-11 on Ti
Fig. 4.14     AR-XPS measurements of adsorbed ω-(pyrrol-1-yl alkyl) silanes: Si/N ratios
From above the characterization of adsorbed layer, we can conclude that ω-(pyrrol-1-yl alkyl)
silane layers formed monolayers with pyrrole group on top and silane group attached to the
surface. The calculation of the tilt angles (showed in Table 4.2) of the adsorbed molecules
revealed that the long chain derivatives formed more compact and well-ordered SAMs on Si
substrate.
4.4 3-Substituted Pyrrole Phosphonic Acids as Adhesion
Promoters
4.4.1 Synthesis of 3-Substituted Pyrrole Derivatives
The synthesis of 3-substituted pyrrole is more difficult than the synthesis of N-substituted
pyrrole. In general, the high reactivity of the α-protons compared to the β-protons of the
pyrrole ring guides an electrophilic substitution into the α-position. There are several
successful processes to provide substitution to β-position.
A removable deactivating group (usually acyl) was introduced to pyrrole followed by the
entry of an electrophilic substituent to the β-position [175]. This method is historically the
first and the most intensively studied of the synthetic routes to 3-substituted pyrroles [176]. It
is quite broad in scope but removal of the directing substituent is frequently not
inconsequential.
- 65 -
a. The remarkable general acid induced isomerization of the readily preparable α-
isomers [177]. This method occurs under mild conditions, but an apparent equilibrium
mixture of the α- and β-isomer leads to a difficult separation.
b. A bulkyl group on nitrogen, such as a t-butyl or a trityl moiety is used to obstruct
electrophilic attack at the α-position. Although substitutive selectivity for C-3 is
indeed observed in this case, the process is of limited value because removal of the
nitrogen substituent is difficult or the conditions required to effect N-dealkylation (e.g.
Na/MeOH/NH3) are incompatible with the survival of many functional groups [178,
179].
c. Protection of the pyrrole ring nitrogen with a phenylsulfonyl group [180-182] or the
bulky triisopropylsilyl group [183, 184] can lead to substitution at the β-position. This
method is useful to synthesize 3-substituted pyrrole due to the easily removable and
stable N-protecting group. Especially, the Friedel-Crafts acylation of 1-
(phenylsulfonyl) pyrrole and subsequent removal of the nitrogen substituent under
alkaline conditions is an excellent route to 3-acyl pyrroles. 1-(phenylsulfonyl) pyrrole
is easily synthesized either via the pyrrole-sodium salt [185] or by using KOH (solid
or aqueous) [186] in the presence of a phase-transfer catalyst. Furthermore, this
protecting group is easily removed under simple basic hydrolysis [187].
Reaction of 1-(phenylsulfonyl) pyrrole and ω-bromo acyl chlorides in the presence of AlCl3 at
25°C in dichloromethane solution gives essentially quantitative yields of the corresponding 3-
acylated product. AlCl3 used as catalyst express high regioselective, compared with other
Lewis acids such as SnCl4, TiCl4, ZnCl2 and FeCl3. 2-acyl pyrrole was the major isomer in the
presence of SnCl4 or ZnCl2, while 3-acyl pyrrole was the predominant isomer in the presence
of TiCl4 or FeCl3.
4.4.2 Reduction of carbonyl Group of 3-Acyl Pyrrole
Many reducing reagents are available for the conversion of carbonyl group to methylene
group. For 1-(phenylsulfonyl) pyrrole, Clemmensen reduction is an available choice because
the products are readily purified and obtained in good yields. Again, basic hydrolysis provides
the desired 3-alkyl-1H-pyrrole. But for 3-acyl-1H-pyrrole, reduction of carbonyl group under
acidic conditions results in polymerization of the pyrrole derivatives. Several reducing agents
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were reported to reduce carbonyl group of pyrrole, such as BF3 OEt2 / NaBH4 [188], p-
TsNHNH2 / NaBH3CN [189], and NaBH4 / i-propanol [190]. The most effective system was
NaBH4 / i-propanol, which worked for a wide range of acyl pyrrole and gave pure products
after a single work-up.
4.4.3 Synthesis of ω-(Pyrrol-3-yl) alkyl Phosphonic Acids
The synthesis of 3-substituted pyrrole alkyl phosphonic acid derivatives is described in detail
for the very first time. These compounds were synthesized via a six-step procedure, which is
outlined in scheme 4.9.
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Scheme 4.9     General synthetic route to 3-substituted pyrrole phosphonic acids.
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[Reagents and conditions: (i) K, THF, benzene sulphonylchloride, RT, 14-18 hours; (ii) Br (CH2)nCOCl, AlCl3,
CH2Cl2, RT, then H2O; (iii) triethyl phosphite, 180°C, 4 hours; (iv) 1,4-dioxane, 5N NaOH, RT; or 5N NaOH/
MeOH, refluxing (v) NaBH4, i-propanol, reflux 36-50 hours; (vi) Clemmensen reduction, Zn(Hg)Cl, HCl,
toluene, 18-20 hours; (vii) Me3SiBr, CH3CN, RT, 1hour, then MeOH/H2O, RT, 2 hours.]
The procedure includes following main steps:
1. Introduction of phenylsulfonyl group at 1-position of pyrrole ring. The synthetic pathway
rely on the protection of the pyrrole ring nitrogen with phenylsulfonyl group effects the
substitution at 3-position.
2. Friedel-Crafts acylation of 1-phenylsulfonyl pyrrole with ω-bromoalkyl acylchlorides in
the presence of AlCl3. The protecting group guides the acylation reaction into the desired
3-position. As intermediate a terminal brominated oxoalkyl derivative is formed.
3. Reaction of terminal bromide with an appropriate phosphite derivative to get the
phosphonic acid ester derivative.
4. Deprotection of pyrrole ring.
5. Reduction of oxo group under mild conditions.
6. Hydrolysis of phosphonic acid derivative to free acid.
The first two steps were carried out with quantitative yields of the corresponding 3-acylated
product 2. Because the chain length has a big influence on the product, the further reaction of
2 is possible in two ways either removal of protective group followed by phosphorization
(Route A) or first introducing of phosphonic acid ester and then deprotection (Route B)(see
scheme 4.10). As it can be seen in Table 4.4 for the yields of compounds 5, route B is more
appropriate than route A because of minimizing the formation of hydrolysis products. Another
advantage is that the products of phosphorization of compound 4 can be directly hydrolyzed
without further purification. But both routes A and B were not successful for short chain
derivatives. Usually mild basic hydrolysis gives 3-acyl-1H-pyrole, in the case of 2a and 2b,
the desired compounds 3a and 3b were not obtained due to bromo-group cleavage. Very low
yields were obtained due to incomplete removal of protecting group. We have also tried to
hydrolyze compound 4b under vigorous conditions (NaOH/MeOH, refluxing) resulting in a
cleavage of C-P bond.
Because both routes A and B were not suitable for short chain derivatives, another approach
was adopted to synthesize 3-substituted pyrrole phosphonic acid, which is shown in scheme
4.11.
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Scheme 4.10     Synthetic pathway to ω-(pyrrol-3-yl)-1-oxo-alkyl phosphonic acid ester
Table 4.4     Results of compounds 2 and 5
Compound 2 Compounds 5 [yield %]Entry n
Mp. [0C] Yield [%] Route A Route B
a 1 64-65 49 - 5
b 3 62-63 55 - 6
c 5 52-54 55 70 75
d 7 56-58 57 81 85
e 10 55-57 62 80 87
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Clemmensen reduction of 2 gave appreciable yield of 6. The product 6 reacted with triethyl
phosphite to get 3-substituted pyrrole phosphonic acid ester 7, followed by removing the
protective group under refluxing condition. This method is also available to synthesize long
alkyl chain derivatives (scheme 4.11).
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Scheme 4.11     Synthetic pathway to ω-(pyrrol-3-yl) butyl diethyl phosphonic acid ester
[Reagents and conditions: (vi) Clemmensen reduction, Zn(Hg)Cl, HCl, toluene, reflux 16-18h; (iii) triethyl
phosphite, 180°C, 4h; (iv) 5N NaOH, MeOH, reflux 3h.]
Phosphonic acids are conveniently synthesized via dealkylation of phosphonic acid alkyl
esters by acid-catalyzed hydrolysis, which can be carried out by heating with concentrated
hydrochloric or hydrobromic acids for several hours [191]. However, in the case of 3-alkyl-
1H-pyrrole, the pyrrole group is too delicate to survive the harsh reaction conditions. N.
Gauvry [192] reported the usefulness of boron tribromide for the conversion of dialkyl
phosphonates into the corresponding phosphonic acids via methanolysis. Rabinowitz [193],
McKenna [194, 195] and others [196-199] reported the conversion of dialkyl phosphonates
with chloro- or bromo- trimethylsilanes into the silyl esters, thus making the corresponding
phosphonic acids readily available via hydrolysis with water. After investigating the methods,
bromo trimethylsilane was chosen to react with compound 8 in organic solvent at 0°C, and the
desired phosphonic acids 9 was obtained by hydrolysis of the silyl esters.
Compound 9 was obtained in low yield by hydrolysis of the corresponding silyl esters. The
low yield is due to sensitivity of 3-alkyl pyrrole phosphonic acid towards oxygen, light and
high temperature. To prevent polymerization of the intermediates, it was important to avoid
the use of acids during work up. 3-alkyl pyrrole phosphonic acids were difficult to purify
because these compounds decomposed during drying at room temperature and oxidized
readily. C- alkyl pyrroles are known to be less stable than 1-alkyl pyrroles toward oxygen.
From the IR spectrum, the instability of these compounds can also be confirmed (Fig. 4.15).
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3-alkyl pyrrole phosphonic acids are highly oxidized even at low temperature. By converting
the free acid into its ammonium salt the stability can be improved.
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Fig. 4.15     FTIR spectra of PYPE-6, PYPA-6 and ammonium salt of PYPA-6
Figure 4.15 showed the FTIR spectra of the intermediate compounds 6-(3-pyrrolyl) hexyl
diethyl phosphonic acid ester (8c, PYPA-6), 6-(3-pyrrolyl) hexyl phosphonic acid (9c,
PYPA-6) and 6-(3-pyrrolyl) hexyl phosphonic acid ammonium salt (10c, ammonium salt of
PYPA-6). At 1710 cm-1, 9c has a carbonyl peak and at 1690 cm-1 a shoulder due to hydrogen
bonded carbonyl. These bands indicated that some of the pyrrole moieties were oxidized
[200]. The instability of this type compound toward oxygen is apparent. When it is converted
into ammonium salt, the intensity at near 1700 cm-1 is decreased, indicating that the
ammonium salt is more stable than the free acid.
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Scheme 4.12     Synthetic pathway to ω-(pyrrol-3-yl) alkyl phosphonic acid ammonium salt.
- 71 -
4.4.3.1 Synthesis of 1-Phenylsulfonyl–3-(ω-bromoacyl) pyrrole (2)
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- 5  C0
Scheme 4.13      Synthesis of 1-phenylsulfonyl–3-(ω-bromoacyl) pyrrole
6-bromohexanoyl chloride (6.0 g, 30 mmol) in 60 ml dichloromethane was added dropwise to
a suspension of anhydrous aluminum chloride (4.3 g, 33 mmol) in 80 ml dry dichloromethane
at 25°C under nitrogen atmosphere. After stirring at 25°C for 30 min., the solution was cooled
down to 0°C and 1-(phenyl sulfonyl) pyrrole in 60-ml dichloromethane was slowly added
dropwise. The mixture was stirred at room temperature for 20 hours. The reaction mixture
was carefully hydrolyzed with water and the aqueous layer was extracted with
dichloromethane. The combined organic layers were washed with brine and dried over
anhydrous magnesium sulfate. The solvent was removed under reduced pressure to give dark-
brown oil, which crystallized on cooling. The crude product 2c was recrystallized from n-
hexane - ethyl acetate (10:1) to obtain white needle crystals 55% yield, Mp. 52-54°C (53-
54.5°C reported in literature [201].
• 1-Phenylsulfonyl –3-(6-bromohexanoyl) pyrrole (2c)
1H-NMR (CDCl3, 500 MHz, δ in ppm): 7.91-7.90 [2H, (H2’, 6’), d, J 2’,3’= 6’,5’ = 6.4 Hz],
7.72-7.71 [1H, (H2), m], 7.67-7.63 [1H, (H4’), m], 7.56-7.53 [2H, (H3’, 5’), m], 7.14-7.13
[1H, (H5), m], 6.7-6.6 [1H, (H4), m], 3.41-3.38 [2H, (H11), t, J 11, 10 = 6.6 Hz], 2.75-2.72 [2H,
(H7), t, J 7, 8= 7.3 Hz], 1.90-1.84 [2H, (H10), m], 1.72-1.66 [2H, (H8), m], 1.50-1.40 [2H,
(H9), m].
IR (KBr, νmax/cm-1): 3138-3105 (arom. C-H), 1673 (C=O), 1544 (pyrrole ring).
Elemental analysis:
C16H18BrNO3S: Calculated: C, 50.01; H, 4.72; N, 3.64; S, 8.34.
Found: C, 50.06; H, 4.75; N, 3.85; S, 8.29.
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Structure 4.13     Structure of 1-Phenylsulfonyl-3-(11-bromoundecanoyl) pyrrole
To avoid complications, we have used an internally consistent numbering system to describe the positions
obtained from NMR spectroscopy on these materials as above. For the precursors to these materials the
numbering used on the individual components is used; i.e. the alkyl chain is numbered 6-11 or more, the
arylsulfonate ring 1’-6’, etc.
• 1-phenylsulfonyl–3-(2-bromoethanoyl) pyrrole (2a)
Yield: 49%, Mp.: 64-65°C
1H-NMR (CDCl3, 500 MHz, δ in ppm): 7.90 [2H, (H2’, 6’), d, J 2’,3’=6’,5’ = 7.6 Hz], 7.80
[1H, (H2), m], 7.60 [1H, (H4’), m], 7.55-7.53 [2H, (H3’, 5’), m], 7.14 [1H, (H5), m], 6.7-6.6
[1H, (H4), m], 4.10 [2H, (H7), s].
IR (KBr, νmax/cm-1): 3135-3073 (arom. C-H), 1683 (C=O), 1582 (pyrrole ring).
Elemental analysis:
C14H14BrNO3S: Calculated: C, 43.92; H, 3.07; N, 4.27; S, 9.77.
Found: C, 44.04; H, 3.11; N, 4.18; S, 9.80.
• 1-phenylsulfonyl–3-(4-bromobutanoyl) pyrrole (2b)
Yield: 55%, Mp.: 62-63°C
1H-NMR (CDCl3, 500 MHz, δ in ppm): 7.92-7.90 [2H, (H2’, 6’), d, J 2’,3’=6’,5’ = 7.7Hz],
7.77-7.76 [1H, (H2), m], 7.67-7.63 [1H, (H4’), m], 7.56-7.53 [2H, (H3’, 5’), m], 7.15-7.14
[1H, (H5), m], 6.7-6.6 [1H, (H4), m], 3.49-3.46 [2H, (H9), t, J 8, 9 = 6.2 Hz], 2.94-2.91 [2H,
(H7), t, J 7, 8 = 6.9 Hz], 2.25-2.19 [2H, (H8), m]
IR (KBr, νmax/cm-1): 3133-3065 (arom. C-H), 1680 (C=O), 1547 (pyrrole ring).
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Elemental analysis:
C14H14BrNO3S: Calculated: C, 47.20; H, 3.96; N, 3.93; S, 9.00.
Found: C, 47.63; H, 3.99;  N, 4.02; S, 8.96.
• 1-phenylsulfonyl–3-(8-bromoctanoyl) pyrrole (2d)
Yield: 57%, Mp.: 56-58°C.
1H-NMR (CDCl3, 500 MHz, δ in ppm): 7.91-7.89 [2H, (H2’, 6’), d, J 2’,3’=6’,5’ =6.4 Hz],
7.72-7.71 [1H, (H2), m], 7.66-7.63 [1H, (H4’), m], 7.56-7.52 [2H, (H3’, 5’), m], 7.13-7.12
[1H, (H5), m], 6.7-6.6 [1H, (H4), m], 3.39-3.37 [2H, (H13), t, J 12, 13 =6.8 Hz], 2.72-2.69 [2H,
(H7), t, J 7, 8 = 7.3Hz], 1.85-1.62 [2H, (H12), m], 1,44-1,2 [6H, m].
IR (KBr, νmax/cm-1): 3152-3107 (arom. C-H), 1675 (C=O), 1543 (pyrrole ring).
Elemental analysis:
C18H22BrNO3S: Calculated: C, 52.43; H, 5.38; N, 3.40; S, 7.78.
Found: C, 52.71; H, 5.51; N, 3.48; S, 7.60.
• 1-phenylsulfonyl-3-(11-bromoundecanoyl) pyrrole (2e)
Yield: 62%, Mp.: 55-57°C.
1H-NMR (CDCl3, 500 MHz, δ in ppm): 7.90 [2H, (H2’, 6’), d, J 2’,3’=6’,5’ = 5.4 Hz], 7.72-
7.71 [1H, (H2), m], 7.66-7.63 [1H, (H4’), m], 7.56-7.52 [2H, (H3‘, 5‘), m], 7.13-7.12 [1H,
(H5), m], 6.68-6.67 [1H, (H4), m], 3.4-3.37 [2H, (H16), t, J 15, 16 = 6.8 Hz], 2.70 [2H, (H7), t,
J 7, 8 =7.5 Hz], 1.86-1.80 [2H, (H15), m], 1.70-1.60 [2H, (H8), m], 1.41-1.24 [12H, m].
IR (KBr, νmax/cm-1): 3146-3114 (arom. C-H), 1677 (C=O), 1546 (pyrrole ring).
Elemantal analysis:
C21H28BrNO3S: Calculated: C, 55.51, H, 6.21; N, 3.08; S, 7.06.
Found: C, 56.87; H, 6.56; N, 3.06; S, 6.63.
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4.4.3.2 Synthesis of 3-(ω-bromoacyl) pyrrole (3)
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Scheme 4.14     Synthesis of 3-(ω-bromoacyl) pyrrole
2.4 g (6.2 mmol) 1-phenylsulfonyl-3-(6-bromohexanoyl) pyrrole (2c) was added to a mixture
of 1,4-dioxane (60 ml) and NaOH solution (5 N, 60 ml in water), and stirred at room
temperature for 50 hours. TLC (n-hexane- ethyl acetate 3:1) indicated one major and one
minor product. The organic layer was collected, and the aqueous layer was thoroughly
extracted with ethyl acetate. The combined extracts were washed with saturated NaCl
solution, dried over MgSO4, and concentrated under reduced pressure to give a white solid.
Recrystallization from toluene-hexane (1:4) resulted in white crystals (3c) in 70% yield,
Mp.73 -74°C
• 3-(6-bromohexanoyl) pyrrole (3c)
1H-NMR (CDCl3, 500 MHz, δ in ppmδ in ppm 8.7-8.5 [1H, (H1), br s], 7.4 [1H, (H2),
overlapping ddd, J 2, 1= 3.3 Hz and J 2, 4=2, 5 = 1.8 Hz], 6.8 [1H, (H5), m], 6.66-6.65 [1H, (H4),
m], 3.42-3.39 [2H, (H11), t, J 10, 11= 6.8 Hz], 2.78-2.75 [2H, (H7), t, J 7, 8 = 7.4 Hz], 1.9 [2H,
(H10), m], 1.8-1.7 [2H, (H8), m], 1.5-1.4 [2H, (H9), m].
IR (KBr, νmax/cm-1): 3400-3200 (N-H), 3115-3040 (arom. C-H), 1629 (C=O), 1545-1504
(pyrrole ring).
Elemental analysis:
C10H14BrNO: Calculated: C, 49.20, H, 5.78; N, 5.74; Br, 32.73.
Found: C, 49.42; H, 5.97; N, 5.67; Br, 32.45.
• 3-(8-bromoctanoyl) pyrrole (3d)
Yield: 82%, Mp.: 57-59°C
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1H-NMR (CDCl3, 500 MHz, δ in ppm): 8.7-8.6 [1H, (H1), br s], 7.4 [1H, (H2), J 2, 1 = 3.1
Hz and J 2,4=2,5 = 1.7 Hz], 6.78-6.76 [1H, (H5), m], 6.65 [1H, (H4), m], 3.40-3.38 [2H, (H13),
t, J 12, 13 = 6.9 Hz], 2.75-2.72 [2H, (H7), t, J 7, 8 = 7.4 Hz], 1.8 [2H, (H12), m], 1.7 [2H, (H8),
m], 1.5-1.3 [6H, (H9, H10, H11), m].
IR (KBr, νmax/cm-1): 3400-3100 (N-H), 3084-3044 (arom. C-H), 1632 (C=O), 1547-1505
(pyrrole ring).
Elemental analysis:
C12H18BrNO: Calculated: C, 52.95; H, 6.67; N, 5.15; Br, 29.36.
Found. C, 52.49; H, 6.85; N, 5.03; Br, 29.41.
• 3-(11-bromoundecanoyl) pyrrole (3e)
Yield: 80%. Mp.: 69-71°C
1H-NMR (CDCl3, 500 MHz, δ in ppm): 8.7-8.5 [1H, (H1), br s], 7.4 [1H, (H2), J 1, 2 = 3.1
Hz and J 2,4=2,5 = 1.7 Hz, m], 6.77-6.76 [1H, (H5), m], 6.65 [1H, (H4), m], 3.39-3.37 [2H,
(H16), t, J 15, 16 = 6.9 Hz], 2.74-2.71 [2H, (H7), t, J 7, 8 = 7.5 Hz], 1.86-1.80 [2H, (H15), m],
1.7 [2H, (H8), m], 1.4-1.2 [12H, m].
IR (KBr, νmax/cm-1): 3400-3200 (N-H), 3051 (arom. C-H), 1629 (C=O), 1507 (pyrrole ring).
Element analysis:
C15H24BrNO: Calculated: C, 57.33; H, 7.70; N, 4.46; Br, 25.43.
Found: C, 57.42; H, 8.16; N, 4.37; Br, 25.59.
4.4.3.3 Synthesis of ω-(pyrrol-3-yl acyl) diethyl phosphonic acid ester (5)
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Scheme 4.15     Synthesis of ω-(pyrrol-3-yl acyl) diethyl phosphonic acid ester
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1.2 g (3.1 mmol) N-phenylsulfonyl–3-(6-bromohexanoyl) pyrrole (2c) and 1.0 g (6 mmol)
triethyl phosphite were heated for 3 hours at 170~1800C with continuous distillation of ethyl
bromide. After the reaction mixture was cooled to room temperature, and was added to the
solution of 30 ml of 5 N NaOH and 30 ml of dioxane, and then left 72 hours at room
temperature under stirring. The organic layer was collected, and the aqueous layer was
extracted with ethyl acetate. The combined organic solution was washed with brine, dried
over anhydrous magnesium sulfate, and evaporated under reduced pressure to obtain a yellow
oily liquid. Column chromatography (silica gel, eluting with ethyl acetate) gave a yellow oil
(5c) in 75% yield.
• 6-(pyrrol-3-yl hexanoyl) diethyl phosphonic acid ester (5c)
1H-NMR (CDCl3, 500 MHz, δ in ppm): 9.4-9.2 [1H, (H1), br s], 7.4 [1H, (H2), J 1, 2 = 3.2
Hz and J 2,4=2,5 = 1.7 Hz, m], 6.76-6.74 [1H, (H5), m], 6.63-6.62 [1H, (H4), m], 4.20-4.00 [4H,
(-OCH2CH3), m], 2.74-2.71 [2H, (H7), t, J 7, 8 = 7.3 Hz], 1.75-1.71 [4H, (H11, 8), m], 1.70
[2H, (H10), m], 1.46-1.40 [2H, (H9), m], 1.34-1.22 [6H, (-OCH2CH3), t].
31P-NMR (CDCl3, 500 MHz): 32.5 ppm
IR (chloroform, νmax/cm-1): 3400-3200 (N-H), 3082 (arom. C-H), 1654 (C=O), 1226 (P=O),
1055 (νas P-O-C), 1029 (νs P-O-C).
Elemental analysis:
C14H24NO4P: Calculated: C, 55.81; H, 8.03; N, 4.65.
Found: C, 55.49; H, 8.45; N, 4.42.
• 2-(pyrrol-3-yl ethanoyl) diethyl phosphonic acid ester (5a)
Yield: 5%,
1H-NMR (CDCl3, 500 MHz, δ in ppm): 9.9-9.8 [1H, (H1), br s], 7.40 [1H, (H2), J 1, 2 = 3.0
Hz, J 2,4=2,5 = 1.4 Hz, m], 6.7[1H, (H5), m], 6.6 [1H, (H4), m], 4.00 [4H, (-OCH2CH3), m],
3.4-3.3 [2H, (H7), s], 1.21-1.8 [6H, m].
31P-NMR (CDCl3, 500 MHz): 33.8 ppm
IR (chloroform, νmax/cm-1: 3407-3200 (N-H), 3080 (arom. C-H), 1654 (C=O), 1220 (P=O),
1055 (νas P-O-C), 1028 (νs P-O-C).
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Elemental analysis:
C10H16NO4P: Calculated: C, 48.98; H, 6.58; N, 5.71.
Found: C, 48.42; H, 6.73; N, 5.54.
• 4-(pyrrol-3-yl butanoyl) diethyl phosphonic acid ester (5b)
Yield: 6%,
1H-NMR (CDCl3, 500 MHz, δ in ppm): 9.4-9.3 [1H, (H1), br s], 7.39-7.38 [1H, (H2), J1, 2
= 2.8 Hz, J 2,4=2,5 = 1.4 Hz, m], 6.8 [1H, (H5), m], 6.7-6.6 [1H, (H4), m], 4.1-4.00 [4H, (-
OCH2CH3), m], 2.8 [2H, (H7), t, J 7, 8 = 7.2 Hz], 2.0-1.9 [2H, (H9), t] , 1.8-1.7 [2H, (H8), m],
1.36-1.21 [6H, m].
31P-NMR (CDCl3, 500 MHz): 32.6 ppm
IR (chloroform, νmax/cm-1): 3407-3200 (N-H), 3090 (arom. C-H), 1653 (C=O), 1226 (P=O),
1053 (νas P-O-C), 1028 (νs P-O-C).
Elemental analysis:
C16H28NO4P: Calculated: C, 52.74; H, 7.38; N, 5.13.
Found. C, 52.56; H, 7.58; N, 4.98.
• 8-(pyrrol-3-yl octanoyl) diethyl phosphonic acid ester (5d)
Yield: 85%,
1H-NMR (CDCl3, 500 MHz, δ in ppm): 9.6 [1H, (H1), br s], 7.39-7.38 [1H, (H2), J1, 2 = 3.0
Hz, J 2,4=2,5 = 1.4 Hz, m], 6.73 [1H, (H5), m], 6.61 [1H, (H4), m], 4.11-4.00 [4H, (-OCH2CH3),
m], 2.7 [2H, (H7), t, J 7, 8 = 7.4 Hz], 1.70-1.55 [4H, (H13, 8), m], 1.36-1.21 [14H, m].
31P-NMR (CDCl3, 500 MHz): 32.6 ppm
IR (chloroform, νmax/cm-1): 3407-3200 (N-H), 3080 (arom. C-H), 1654 (C=O), 1216 P=O),
1052 (νas P-O-C), 1028 (νs P-O-C).
Elemental analysis:
C16H28NO4P: Calculated: C, 58.35; H, 8.57; N, 4.25.
Found: C, 58.26; H, 9.06; N, 4.04.
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• 11-(pyrrol-3-yl undecanoyl) diethyl phosphonic acid ester (5e)
Yield: 87%,
1H-NMR (CDCl3, 500 MHz, δ in ppm): 9.4-9.1 [1H, (H1), br s], 7.40 [1H, (H2), J 1, 2 = 3.1
Hz and J 2, 4 = 2, 5 = 1.6 Hz], 6.76-6.75 [1H, (H5), m], 6.6 [1H, (H4), m], 4.10-4.0 [4H, (-
OCH2CH3), t], 2.80-2.70 [2H, (H7), t, J 7, 8 = 7.4 Hz], 1.70 [4H, (H16, 8), m], 1.60-1.50 [2H,
(H15), m], 1.4-1.20[18H, m].
31P-NMR (CDCl3, 500 MHz): 32.7 ppm
IR (chloroform, νmax/cm-1): 3443-3200 (N-H), 3109 (arom. C-H), 1654 (C=O), 1219 (P=O),
1056 (νas P-O-C), 1029 (νs P-O-C).
Elemental analysis:
C19H34NO4P: Calculated: C, 61.44; H, 9.23; N, 3.77.
Found:  C, 59.65; H, 9.45; N, 3.31.
4.4.3.4 Synthesis of 1-Phenylsulfonyl-3-(ω-bromoalkyl) pyrrole (6)
N
S OO
Br
O
n
 
N
S OO
Brn
 
Zn(Hg)Cl
refluxing, 16h
Scheme 4.16     Clemmensen reduction
The mixture of zinc metal (16 g) and mercuric chloride (2.64 g) in 20 ml of water and 1ml of
12 N HCl was stirred at 250C for 30 min. followed by decantation. To the solid was added 9.3
ml of water, 22 ml of 12 N HCl, 120 ml of toluene, and 3.3 g N-phenylsulfonyl-3-(6-
bromohexanoyl) pyrrole. The mixture was refluxed for 16 hours and checked by TLC. The
organic fraction was collected. The aqueous layer was extracted with toluene. The combined
organic fraction was washed with water, dried over anhydrous magnesium sulfate, and
concentrated in vacuo to give yellow liquid. The crude product was purified by column
chromatography (silica gel, eluting with 10:4 n-hexane-ethyl acetate) to give colorless oil in
87% yield.
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• 1-phenylsulfonyl-3-(6-bromohexyl) pyrrole (6c)
1H-NMR (CDCl3, 500 MHz, δ in ppm): 7.8 [2H, (H2’, 6’), d, J 2’,3’=6’,5’ = 7.7 Hz], 7.6-7.4
[3H, (H3’, 4’, 5’), m], 7.1-7.0 [1H, (H5), m], 6.9-6.8 [1H, (H2), m], 6.1 [1H, (H4), m], 3.4-3.3
[2H, (H11), t, J 10, 11= 6.6 Hz], 2.4-2.3 [2H, (H6), t], 1.8 [2H, (H10), m], 1.5-1.2 [6H, m].
IR (chloroform, νmax/cm-1): 3135-3058 (arom. C-H), 1473 (pyrrole ring),
Elemental analysis:
C15H24BrNO: Calculated: C, 51.90; H, 5.44; N, 3.78; Br, 21.58.
Found: C, 52.08; H, 5.67; N, 3.71; Br, 21.36.
• 1-phenylsulfonyl-3-(4-bromobutyl) pyrrole (6b)
Yield: 78%,
1H-NMR (CDCl3, 500 MHz, δ in ppm): 7.82-7.81 [2H, (H2’, 6’), d, J 2’,3=6’,5’ = 7.8 Hz],
7.59-7.57 [1H, (H4’), m], 7.56-7.50 [2H, (H3’, 5’), m], 7.07-7.06 [1H, (H5), m], 6.90 [1H,
(H2), m], 6.14-6.13 [1H, (H4), m], 3.37-3.35 [2H, (H9), t, J 8, 9 = 6.7 Hz], 2.41-2.38 [2H,
(H6), t, J 7, 6 = 7.6 Hz], 1.84-1.80 [2H, (H8), m], 1.68-1.62 [2H (H7), m].
IR (chloroform, νmax/cm-1): 3136-3065 (arom. C-H), 1475 (pyrrole ring).
Elemental analysis:
C14H16BrNSO2: Calculated: C, 49.13; H, 4.71; N, 4.09; S, 9.37; Br, 23.34.
Found:  C, 49.56; H, 5.35; N, 4.02; S, 8.38; Br, 23.27.
4.4.3.5 Synthesis of ω-(pyrrol-3-yl alkyl) diethyl phosphonic acid ester (8) (PYPE)
N
H
PO(OEt)2
O
n
N
H
PO(OEt)2nNaBH4
i-propanol, refluxing, 70°C
Scheme 4.17     Reduction of carbonyl group
The 6-(pyrrol-3-yl hexanoyl) diethyl phosphonic acid ester (5c) (2.0 g, 7 mmol) and NaBH4
(2.7 g, 70 mmol) were added to i-propanol (70 ml) and refluxed for 50 hours. The reaction
was carefully hydrolyzed with ice water, and then the reaction mixture was extracted with
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ethyl acetate. The organic phase was dried over anhydrous magnesium sulfate and evaporated
to give yellow oil. Column chromatography (silica gel, eluting with 5:1 ethyl acetate -
hexane) gave a colorless oil in 50% yield (1.0 g).
• 6-(pyrrol-3-yl hexyl) diethyl phosphonic acid ester (8c, PYPE-6)
1H-NMR (500 MHz, CDCl3, δ in ppm): 8.4-8.2 [1H, (H1), br s], 6.8-6.7 [1H, (H5), m], 6.6-
6.5 [1H, (H2), m], 6.10-6.00 [1H, (H4), m], 4.20-4.0 [4H, (-OCH2CH3), m], 2.51 [1H, (H6), t,
J 6, 7 = 7.7 Hz], 1.6-1.2 [16H, m].
31P-NMR (500 MHz, CDCl3): 31.6 ppm
IR (chloroform, νmax/cm-1): 3500-3091 (N-H), 1225 (P=O), 1142-1046 (νas P-O-C), 994 (νs
P-O-C).
Elemental analysis:
C14H26NO3P: Calculated: C, 58.52; H, 9.12; N, 4.87.
Found: C, 59.37; H, 10.26; N, 4.55.
• 8-(pyrrol-3-yl octyl) diethyl phosphonic acid ester (8d, PYPE-8)
Yield: 70%.
1H-NMR (500 MHz, CDCl3, δ in ppm): 8.2-8.0 [1H, (H1), br s], 6.71-6.70 [1H, (H5), m],
6.55 [1H, (H2), m], 6.06 [1H, (H4), m], 4.08-4.02 [4H, (-OCH2CH3), m], 2.47-2.44 [2H, (H6),
t, J 6, 7 = 7.6 Hz], 1.71-1.52 [6H, m], 1.36-1.23 [18H, m].
31P-NMR (500 MHz, CDCl3): 31.5 ppm
IR (chloroform, νmax/cm-1): 3500-3090 (N-H), 1227 (P=O), 1142-1047 (νas P-O-C), 994 (νs
P-O-C).
Elemental analysis:
C16H30NO3P: Calculated: C, 60.93; H, 9.59; N, 4.44.
Found: C, 61.18; H, 10.50; N, 4.38.
• 11-(pyrrol-3-yl undecyl) diethyl phosphonic acid ester (8e, PYPE-11)
Yield: 50%.
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1H-NMR (500 MHz, CDCl3, δ in ppm): 8.2-8.1 [1H, (H1), br s], 6.80-6.79 [1H, (H5), m],
6.70-6.55 [1H, (H2), m], 6.10-6.03 [1H, (H4), m], 4.11-4.00 [4H, (-OCH2CH3), m], 2.47-2.44
[2H, (H6), t, J 6, 7 = 7.6 Hz], 1.9-1.2 [30H, m].
31P-NMR (500MHz, CDCl3): 31.7 ppm
IR (chloroform, νmax/cm-1): 3500-3100 (N-H), 3092 (arom. C-H), 1225 (P=O), 1142-1047
(νas P-O-C), 994 (νs P-O-C).
Elemental analysis:
C19H36NO3P: Calculated: C, 63.84; H, 10.15; N, 3.92.
Found: C, 63.88; H, 11.01; N, 3.34.
4.4.3.6 Synthesis of 4-(pyrrol-3-yl butyl) diethyl phosphonic acid ester (8b, PYPE-4)
N
S OO
Br
P(OCH2CH 3)3
180°C, 3h
N
S OO
PO(OEt)2
N
H
PO(OEt)2
N NaOH, MeOH5
refluxing, 3h
Scheme 4.18     Synthesis of 4-(pyrrol-3-yl butyl) diethyl phosphonic acid ester
1.2 g (3.3 mmol) 1-phenylsulfonyl–3-(4-bromobutyl) pyrrole (6b) and 1.0 g (6 mmol) triethyl
phosphite were heated for 3 hours at 170~1800C with continuous distillation of ethyl bromide.
After the reaction mixture was cooled to room temperature, it was added to the solution of 30
ml of 5 N NaOH and 60 ml of methanol, and refluxed 3 hours. Reaction mixture was
concentrated in vacuo. The aqueous solution was extracted with ethyl acetate. The combined
organic solution was washed with brine, dried over anhydrous magnesium sulfate, and
evaporated under reduced pressure to obtain a yellow oily liquid. Column chromatography
(silica gel, eluting with ethyl acetate) gave a yellow oil (8b) in 35% yield.
1H-NMR (500MHz,CDCl3, δ in ppm): 8.2-8.0 [1H, (H1), br s], 6.71-6.69 [1H, (H5), m],
6.56-6.55 [1H, (H2), m], 6.06 [1H, (H4), m], 4.08-4.02 [4H, (-OCH2CH3), m], 2.50-2.48 [2H,
(H6), t, J6, 7 = 6.9 Hz], 1.76-1.61 [6H, m], 1.32-1.23[6H, m]
31P-NMR (CDCl3, 500 MHz): 32.6 ppm
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IR (chloroform, νmax/cm-1): 3500-3100 (N-H), 3084 (arom. H),1223 (P=O), 1095-1059 (νas
P-O-C), 961 (νs P-O-C).
Elemental analysis:
C16H30NO3P: Calculated: C, 55.59; H, 8.55; N, 5.40.
Found: C, 55.13; H, 9.24; N, 5.38.
4.4.3.7 Synthesis ω-(pyrrol-3-yl alkyl) phosphonic acid (9) (PYPA)
N
H
PO(OEt)2
n
N
H
PO(OH)2
nBrSiMe3
MeOH/H 2O
1.
2.
Scheme 4.19     Synthesis of ω-(pyrrol-3-yl alkyl) phosphonic acid
1.2 g (5 mmol) Trimethylsilyl bromide was added to 0.27 g (1mmol) of 6-(pyrrol-3-yl hexyl)
diethyl phosphonic acid ester (8c) in dry acetonitrile (5 ml) at 0°C. After 1h the reaction
mixture was stirred at room temperature for 2h. The solvent and excess of trimethylsilyl
bromide were removed by rotary evaporation. 10 ml methanol/ water (2:1 volume ratios) was
added to the residue under argon atmosphere, and stirred at room temperature for 2h. The
solvent of the solution was removed by freeze-drying. The white solid was obtained in a yield
of 33.4% (0.077 g)
• 6-(pyrrol-3-yl hexyl) phosphonic acid (9c, PYPA-6)
Yield: 33.4%,
1H-NMR (500 MHz, methanol, δ in ppm): 10.54-10.29 [1H, (H1), br s], 6.83-6.82 [1H,
(H5), m], 6.69-6.67 [1H, (H2), m], 6.11-6.06 [1H, (H4), m], 2.43-2.40 [2H, (H6), t, J6, 7 = 8.2
Hz], 1.65-1.29 [10H, m].
31P-NMR (500 MHz, methanol): 31.2 ppm
IR (KBr, νmax/cm-1): 3600-3100 (N-H), 2800-2600 (P-O-H), 1143 (P=O), 1112-996 (P-O).
Elemental analysis:
C10H18NO3P: Calculated: C, 51.94; H, 7.85; N, 6.06.
Found: C, 50.84; H, 8.17; N, 5.04.
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• 4-(pyrrol-3-yl butyl) phosphonic acid (9b, PYPA-4)
Yield: 28%,
1H-NMR (500 MHz, methanol, δ in ppm): 10.30-10.20 [1H, (H1), br s], 6.80 [1H, (H5), m],
6.6 [1H, (H2), m], 6.11-6.08 [1H, (H4), m], 2.50-2.48 [2H, (H6), t, J 6, 7 = 7.5 Hz], 1.81-1.36
[6H, m].
31P-NMR (500 MHz, methanol): 30.4 ppm
IR (KBr, νmax/cm-1): 3500-3100 (N-H), 2800-2500 (br. P-O-H), 1141 (P=O), 976-938 (P-O).
Elemental analysis:
C15H28NO3P: Calculated: C, 47.29; H, 6.94; N, 6.89.
Found: C, 48.06; H, 7.83; N, 5.62.
• 8-(pyrrol-3-yl octyl) phosphonic acid (9d, PYPA-8)
Yield: 35%,
1H-NMR (500 MHz, methanol, δ in ppm): 10.20-10.10 [1H, (H1), br s], 6.80 [1H, (H5), m],
6.65 [1H, (H2), m], 6.11-6.08 [1H, (H4), m], 2.51-2.48 [2H, (H6), t, J 6, 7 = 7.4 Hz], 1.79-1.30
[14H, m].
31P-NMR (500 MHz, methanol): 30.9 ppm
IR (KBr, νmax/cm-1): 3500-3100 (N-H), 2800-2500 (P-O-H), 1175 (P=O), 1000-996 (P-O).
Elemental analysis:
C12H22NO3P: Calculated: C, 55.59; H, 8.55; N, 5.40.
Found: C, 55.33; H, 9.05; N, 4.80.
• 11-(pyrrol-3-yl undecyl) phosphonic acid (9e, PYPA-11)
Yield: 38%,
1H-NMR (500 MHz, methanol, δ in ppm): 10.30-10.20 [1H, (H1), br s], 6.83-6.82 [1H,
(H5), m], 6.67 [1H, (H2), m], 6.11-6.08 [1H, (H4), m], 2.51-2.48 [2H, (H6), t, J6, 7 = 7.5 Hz],
1.79-1.36 [20H, m].
31P-NMR (500 MHz, methanol): 30.84 ppm
IR (KBr, νmax/cm-1): 3500-3100 (N-H), 2800-2500 (br. P-O-H), 1157 (P=O), 998 (P-O).
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Elemental analysis:
C15H28NO3P: Calculated: C, 59.78; H, 9.36; N, 4.65.
Found: C, 59.01; H, 8.56; N, 3.76.
4.4.3.8 6-(Pyrrol-3-yl hexyl) phosphonic ammonium salt (10c)
Trimethylsilyl bromide (1.0 g) was added dropwise to 6-(pyrrol-3-yl hexyl) phosphonic acid
ester (0.2 g, 0.73 mmol) in acetonitrile (3 ml) at 0°C for 1 h, then the reaction mixture was
stirred for 2 h at room temperature. The solvent and excess of trimethylsilyl bromide were
removed by rotary evaporation. The residue was added to 10 ml methanol / water (2:1 in
volume ratios) at room temperature. After 30 min, 8 ml (25%) ammonium solution was added
and stirred for 2h. Excess of ammonia and solvent were removed, and then the compound was
dried under freeze drying to get a pink solid 0.12 g in yield 66.7%, Mp. 65-67°C
1H-NMR (500 MHz, methanol, δ in ppm): 6.67 [1H, (H5), m], 6.54 [1H, (H2), m], 5.98
[1H, (H4), m], 2.52 [2H, (H6), d], 1.65-1.20 [18H, m].
31P-NMR: (methanol, 500 MHz): 25.95 ppm
IR (KBr, νmax/cm-1): 3500-3100 (N-H), 1225 (P=O), 1142 (P-O).
Elemental analysis:
C10H24N3O3P: Calculated: C, 45.28; H, 9.06; N, 15.85.
Found: C, 43.77; H, 8.90; N, 14.26.
Same procedure was used to convert the free acid into its ammonium salt.
4.5 Monolayer Formation and Characterization
Metal substrates such as Ti/TiO2, Ta/Ta2O5, Al/Al2O3 were used to adsorb ω-(pyrrol-3-yl
alkyl) phosphonic acids (PYPA). These metal substrates were prepared by chemical vapor
deposition on Si wafers.
Ti metal substrate (Ti/TiO2): n-doped Si wafer/ 300 nm Ti
Ta metal substrate (Ta/Ta2O5): n-doped Si wafer/ 300 nm Ta
Al metal substrate (Al/Al2O3): n-doped Si wafer/ 300 nm Al
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There are several methods to clean and activate the surface:
Normal cleaning: Rinsing with organic solvent or ultrasonic treatment to degrease.
Etching: Cleaning in the standard QCA SC1 (H2O/NH3 25%/H2O2 30%, v/v 2:1:1,
80°C, 5s) or pirañha solution to remove organic material and increase OH-group on surface.
Plasma cleaning: An air plasma generated by plasma cleaner/sterilizer.
Table 4.5     Contact angle data after substrate pretreatment by different methods
Metals Methods Contact angle [0]
Ta Rinsing 84.1 ± 1.92
Ta Treatment with organic solvent
(chloroform, acetone, ethanol, 5 min,
respectively) by ultrasonication
67.9 ± 1.78
Ta H2O/NH3 25%/H2O2 30% (2:1:1, v/v) ,
80°C, 5s
45.6 ± 1.88
Ta Piranha solution 27.0 ± 3.38
From the contact angle data, we can see that the pretreatments by H2O/NH3 25%/H2O2 30%
(2:1:1, v/v) solution and piranha solution gave hydrophilic surfaces. But AFM measurements
showed that these two methods of pretreatment increase the roughness of the surface. After
the adsorption of the compound, the contact angle has no big difference [202]. Pretreatment
by ultrasonic cleaning is adopted for further investigation.
The pretreated metal substrates were immersed in the solution of 1 mM ω-(pyrrol-3-yl alkyl)
phosphonic acids in methanol for different time intervals (1 hr, 2 hrs, 6 hrs, and 24 hrs)
followed by rinsing with methanol and drying under argon atmosphere. The adsorbed samples
were characterized by various surface analytical techniques like contact angle measurement,
SPR, UV-VIS spectroscopy, grazing incident FTIR, XPS etc.
ω-(Pyrrol-3-yl alkyl) phosphonic acids were studied for their adsorption behavior on the
reactive metal surfaces. The compounds contain two reactive functional groups, N-H group
from pyrrolyl and phosphonic acid groups. There are two possibilities for adsorption, with the
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acidic phosphonic acid group or N-H group of the pyrrolyl ring. A first indication of
adsorption taking place can be obtained from the contact angle measurements. When the
phosphonic acid group reacts with the surface hydroxyls of the metal substrate, the terminal
pyrrolyl group should cause a more hydrophobic surface (i. e. high contact angles). Whereas
in the opposite case, the surface should be more hydrophilic. The reaction of the phosphonic
acid group and N-H group of pyrrole ring with the substrate can be considered as base-acid
interaction.
Table 4.6     Water contact angle data on different metal substrates
MetalsMonomer
s
Adsorption
time [hours]
Ti Ta Al
1 54.3 ± 1.54 60.9 ± 3.24 58.2 ± 2.65PYPA-4
24 56.1 ± 1.92 58.4 ± 2.46 60.7 ± 3.16
1 58.5 ± 3.42 71.7 ± 2.24 65.4 ± 4.33PYPA-6
24 56.5 ± 3.97 66.9 ± 3.55 58.4 ± 3.44
1 72.1 ± 2.05 71.5 ± 1.19 65.5 ± 2.56PYPA-8
24 60.5 ± 2.03 64.1 ± 3.17 63.7 ± 1.92
1 90.5 ± 2.79 88.6 ± 2.22 86.7 ± 2.84PYPA-11
24 86.0 ± 2.49 80.9 ± 2.97 78.8 ± 5.03
Uncoated 48.6 ± 1.84 45.6 ± 1.78 45.8 ± 1.67
The comparison of the different contact angles (adsorption time, chain length) shows that the
contact angles on modified substrates are higher than that of on unmodified substrate. This
indicated that the adsorption has taken place. The contact angle of the shorter chain length
molecule (PYPA-4) has no order on different metal substrates due to limited van der Waals
interaction between the molecules. During the formation of the self-assembly monolayer, van
der Waals interactions are the main forces to form the order and a closely packed assembly
monolayer. Usually, the contact angle increases with the increasing of the adsorption time at
the beginning of the adsorption process, then reach a plateau [66], e.g. alkanethiols on gold
[203]. But in our results, the contact angle of 1-hour adsorption time for three chain
derivatives (PYPA-6, PYPA-8 and PYPA-11) is slightly higher than that of 24 hours
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adsorption time. The phosphonic acid group reacted with OH group on the surface to form
acid-base interaction instead of the stable covalent bond. During the adsorption process, the
desorption process also exists. This alternating of adsorption and desorption processes
resulted in small difference between 1 hour and 24 hours adsorption time. Another possibility:
is that N-H group from pyrrole ring attached to the surface resulted in the decrease of contact
angle of the long adsorption time. This is just a hypothesis. It should be confirmed by other
technique such as XPS.
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Fig. 4.16     Contact angle of PYPA on different metals adsorbed 1 hour
From the water contact angle data, we also can see that the contact angles increase with chain
length (Fig. 4.16). The contact angle data showed that the longer alkyl chain of ω-(pyrrol-3yl
alkyl) phosphonic acid (PYPA) leads to high hydrophobicity of the corresponding adsorbed
surface. These results indicated that ω-(pyrrol-3yl alkyl) phosphonic acid (PYPA) with longer
alkyl chains formed more compact adsorbed layers on the metal surface.
Grazing incident FTIR and UV-VIS spectra were taken to determine the presence of PYPA on
the surface.
Figure 4.17 showed the grazing incident FTIR of PYPA-6 on Ta. There are three important
features. The broad peak near 3250 cm-1 due to N-H vibration, it also could have contributions
from O-H group. The aromatic C-H stretching (at 3000-3100 cm-1) signal was observed. CH2
stretching peaks at 2852 and 2923 cm-1 can also be seen clearly. The characteristic vibrations
of the free phosphonic acids at 2900 cm-1 are not present in the surface spectrum. The P-O
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stretching vibrations are shifted to higher wavenumbers. The absence of the P=O stretching
vibrations at 1225 cm-1 and the mentioned P-OH bands were interpreted as evidence for a
tridentate bonding mode [204]. These peaks were present on the adsorbed layers indicating
that PYPA-6 is present on the surface.
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Fig. 4.17     Grazing incident FTIR of PYPA-6 on Ta
In the UV-VIS spectra, like the free monomers, the adsorbed layer also showed a strong
absorbance above 250 nm. This absorbance is due to the pyrrole moiety of the PYPA.
FTIR and UV-VIS spectra therefore establish that PYPA compound presented on the surface.
SPR was also measured to study the kinetics of adsorption and desorption of PYPA on the
substrates. The kinetic curves were measured at a fixed angle (56°) and compounds were
dissolved in MeOH (1mM). Fig. 4.18 the SPR spectrum of PYPA-6 is shown as example. In
the first stage the adsorption fast increases within a few seconds. The further ordering process
takes more time. After 18 hrs the curve changed. When the process is disturbed the system is
able to equalisise because the adsorption of phosphonates can be understood as dynamic
process. Schwartz [205] observed that during the formation of octadecylphosphonic acid
monolayers on mica dynamic adsorption/desorption processes also take place. Due to the
unknown thickness and refraction index of Al2O3 on the gold layer, the thickness of the
adsorbed layer cannot be calculated. SPR curves also show that the adsorbed layer is stable
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after some time. But we are not sure if such layer is dense and ordered. This is due to the
weak van der Waals interaction between the shorter chain adsorbate molecules on the
substrate leading to a less-ordered adsorption layer.
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Fig. 4.18     SPR spectrum of PYPA-6
XPS was measured to study the atomic composition and binding state. Angle resolved XPS
was used to study the orientation. We have mentioned before that PYPA has two functional
groups. Contact angle data, grazing incident FTIR and UV-VIS spectra have confirmed that
PYPA is on the surface.
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Fig. 4.19     Survey spectrum of PYPA-6 on Ti
The metal substrates coated with PYPA were subjected to XPS in order to get the information
about surface composition. Fig. 4.19 showed the survey of the XPS spectrum of PYPA-6 on
Ti.
Table 4.7     Immersion time dependence of the relative atomic concentration (%) for different metals
after modification by PYPA-6 (take off angle 45)
(a). PYPA-6 on Ti
Adsorption time [hours] C1s N1s P2p O1s Ti2p
1 66.47 4.50 4.97 21.80 2.25
2 47.38 4.24 3.08 36.56 8.74
6 60.87 3.43 3.39 26.87 5.45
(b). PYPA-6 on Ta
Adsorption times [hours] C1s N1s P2p O1s Ta4f
1 70.40 4.56 5.29 18.95 0.74
2 41.17 3.78 3.08 39.80 12.17
6 42.95 4.35 3.64 37.82 11.24
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(c). PYPA-6 on Al
Adsorption time [hours] C1s N1s P2p O1s Al2p
1 66.71 4.43 5.13 20.53 3.57
2 63.24 5.08 5.85 22.27 3.57
6 52.85 3.46 4.79 26.24 12.65
The grafting behavior of PYPA-6 on Al, Ta and Ti substrates was evaluated as a function of
the reaction of the adsorption time by XPS atomic relative concentration (Table 4.7). In order
to check the stoichiometry of the grafted layers formed from PYPA-6, Table 4.8 provided the
C/P and P/N ratios.
Table 4.8     Adsorption time dependence of the C/P and P/N ratios for Ti substrates after modification of
PYPA-6
Metals Adsorption time (hour) C/P (10:1) P/N (1:1)
1 13.0 1.1
2 10.8 1.1Al
6 11.0 1.4
1 13.3 1.2
2 13.4 0.8Ta
6 11.8 0.9
1 13.4 1.1
2 15.3 0.7Ti
6 17.9 1.0
From the intensities of atomic composition, the atomic ratios C/P and P/N were calculated
(see table 4.8). As we can see that the optimum adsorption time is different for the used
substrates. On Al substrates the adsorption of PYPA-6 is optimal after 2 hours, because the
C/P and P/N ratios are close to the theoretical values. In case of Ta substrates the optimal
adsorption time is 6 hours, whereas on Ti substrates the adsorption is completed within 1
hour. This indicated that the formation of uniform, ordered and oriented adsorbed layer is
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dependent on the density of the hydroxyl group on the surface. It is reported that there is 11-
12 (–OH groups) per nm2 on Ti and Al surface and 6 –OH groups per nm2 on Ta [206].
The orientation of the molecule i.e. phosphonic acid and pyrrole group, which group is on top
and which group is attached to the surface is studied by XPS. Angle-resolved XPS
measurement were done at four different take-off angles (20°, 45°, 70° and 85°) to investigate
the orientation of the adsorbed molecule on the surfaces. From the P/N ratios of PYPA-6 on
different substrates at one adsorption time (Fig. 4.20), PYPA-6 showed an increase in P/N
ratios with increasing take off angle on adsorbed substrates except on Ta substrate, thereby
suggested the presence of packed pyrrolyl group on top and phosphonic acid group attached
to the surface. The adsorption of the compound on Ta showed a decrease in P/N ratio with
increasing of take off angle after 45°. It may arise from the presence of defects, such as
pinholes and collapse sites in the adsorbed layer, as density of hydroxyl group on Ta surface
is less than that of on Ti and Al substrates [206].
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Fig. 4.20      AR-XPS measurements: P/N ratios of PYPA-6 on Ti, Al and Ta (I  hour adsorption time)
Figure 4.21 compares the C1s and O1s peaks for Ti and Ti modified with PYPA-6. The C1s
peak for Ti substrates can be resolved in three components: one at 284.89 eV corresponding
to carbon in an aliphatic environment (CHx) and two others characteristic of C-O-C and
(C=O)-O-C (from 286.1 and 287.0 eV) and (C=O)-O-C (288.9 eV) [207]. After reaction of Ti
substrate with PYPA-6 molecules, the oxidized carbon components have practically
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disappeared and C1s peak is mostly of the aliphatic type (Fig. 4.21a). Remarkable changes
can be observed for O1s peak. The O1s peak for Ti substrates is at 530.33 eV. After reaction
with PYPA-6, the spectrum shows the presence of additional components, which are
characteristic for oxygen bound to phosphorus, P-O-Ti (532.03 eV) and P-OH (533.25 eV).
The shift in the binding energy to higher values after adsorption and presence of additional
O1s peaks suggested phosphonic acid group is attached to the surface.
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Fig. 4.21a C1s peaks of Ti and Ti modified with
PYPA-6 (blue line: PYPA-6 on Ti; red line: Ti
blank)
Fig. 4.21b O1s peaks of Ti and Ti modified with
PYPA-6 (blue line: PYPA-6 on Ti; red line: Ti
blank)
4.6 3-Substituted Pyrrole Trimethoxysilane as Adhesion
Promoter
For comparison with 1-substituted pyrrole alkyl dimethylchlorosilane, we also tried to
synthesize 3-substituted pyrrole alkyl dimethylchlorosilane. Unfortunately, this kind of
compound is very sensitive to environment and tend to self-polymerization during the
adsorption process compared to the 1-substituted ones. Therefore, 3-substituted pyrrole alkyl
trimethoxysilane was chose as adhesion promoter.
We have discussed that there are several possibilities to synthesize 3-substituted pyrroles. The
most effective pathway to 3-substituted pyrroles requires the introduction an electron-
withdrawing group or a blocking group on the pyrrole nitrogen, which drives subsequent
electrophilic substitution predominantly or exclusively at the 3-position. Here, we chose
triisopropylsilyl group as blocking group to introduce substitution at the 3-position.
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The preparation of 11-(pyrrol-3-yl) undecyl trimethoxysilane was carried out in four steps
(scheme 4.20).
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Scheme 4.20     Synthetic procedure for 11-(pyrrol-3-yl) undecyl trimethoxysilane
In the first step, the reaction of 1-triisopropylsilyl pyrrole (TIPS-pyrrole) with 1 equivalent of
N-bromosuccinimide (NBS) occurred rapidly at –78°C and gave a mixture of
monobrominated pyrroles [208]. Column chromatography allows the isolation of 2 from the
reaction mixture. Bray [208] reported that the amount of α-isomer increased with increasing
of the reaction temperature. When the reaction temperature was maintained at –78°C the β:α
isomer ratio was 25:1, and the main product was 3-bromo-1-TIPS-pyrrole. At room
temperature the β:α isomer ratio decreased to 2:1. The ratio of TIPS-pyrrole to NBS also
influenced the product. Bromination of TIPS-pyrrole with 1 equiv NBS at –78°C gave a 5.7:1
mixture of β:α isomer ratio. Bromination of TIPS-pyrrole with 2 equiv NBS at –78°C gave a
19:1 mixture of the 3,4-dibromo and 2,3,4-tribromocompounds. 2,3,4, tribromo compound
increased with the increasing of NBS. In the second step, the lithiation of 2 was easily
accomplished by bromine-lithium exchange with 1 equiv of n-butyllithium in THF at –78°C
(15 min), and then a mixture of 3 and TIPS-pyrrole was obtained on reaction of 11-bromo-1-
undecene with 3-(lithio-triisopropylsilyl) pyrrole [209]. This mixture was conveniently
separated by silica gel chromatography after desilylation. The removal of silyl group was
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easily accomplished with tetra-n-butylammonium fluoride to give 4 in good yield. Finally,
platin complex catalyzed hydrosilylation of 4 by trimethoxysilane gave the desired compound
5 in good yield. This compound is a colorless liquid, when freshly synthesized, but becomes
darker on standing. FTIR spectroscopy (Fig. 4.22) of this compound showed characteristic
absorbances for methylene stretching (2929-2855 cm-1), pyrrole C-H stretch (3093 cm-1), N-H
band (3300 cm-1), aromatic C-C stretching of the pyrrole (1500 cm-1), and Si-OMe band
(1107, 1079 cm-1).
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Fig. 4.22     IR spectrum of 3-PyTMS
4.6.1 Synthesis of 3-Bromo-1-(triisopropylsilyl) pyrrole
4.0 g (18 mmol) NBS was added to a stirred solution of 3.2 g (18 mmol) N-
(triisopropylsilyl) pyrrole in anhydrous THF (80 ml) at –78°C. The reaction mixture was kept
at –78°C for 2 hours and then left to reach room temperature (ca. 1 hour). THF was
evaporated and 50 ml hexane was added, the resulting suspension was filtered, and the filtrate
was evaporated in vacuum. Column chromatography (eluent: n-pentane) gave a pure
compound in 79% yield (4.2 g).
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Structure 4.14     Structure of 3-bromo-1-(triisopropylsilyl) pyrrole
1H-NMR (ppm, in CDCl3, 500 MHz): 6.72 [1H, (H5) J4,5= 1.41Hz, J2,5= 2.25Hz, dd], 6.67
[1H, (H2), dd], 6.28 [1H, (H4), J2,4= 1.41Hz, J4,5= 2.83, dd], 1.43 [sept. 3H, (CH), J= 7.50Hz],
1.09 [18H, Me, J= 7.50Hz,d].
IR (in chloroform, νmax/cm-1): 2900 (CH3), 1470 (pyrrole ring), 1200 (Si-C).
Elemental analysis:
C13H24BrNSi: Calculated: C, 51.65; H, 8.00; N, 4,63;
Found: C, 51.52; H, 8.17; N, 4.72
4.6.2 Synthesis of 3-(undece-1-ne)-1-triisopropylsilyl pyrrole
A solution of 1.5 M n-butyllithium in hexane (13.2 ml, 20 mmol) was added to a solution of
3-bromo-1-(triisopropylsilyl) pyrrole (6.04 g, 20 mmol) in anhydrous THF (80 ml) at –78°C.
After 15 min at –78°C, 11-bromo-1-undecene (9.32 g, 40 mmol) was added and 15 min after
the reaction was removed from the cooling bath and left to room temperature. The reaction
mixture was quenched with 50 ml water and extracted with diethyl ether (3 x 40 ml). The
extract was dried over MgSO4 and evaporated in vacuum. The residue was then purified by
column chromatography on silica gel using n-pentane to give 4.9 g of a mixture of desired
compound and 1-(triisopropylsily) pyrrole in65% yield.
4.6.3 Synthesis of 3-(undece-1-ne) -1H-pyrrole
Tetra-n-butylammonium fluoride (2.5 g in silica gel, 2.7 mmol) was added to a stirred
solution of 3-(undece-1-ne) -1-triisopropylsilyl pyrrole (1.0 g, 2.7 mmol) in 50 ml THF. After
5 min at room temperature, the reaction mixture was filtered, the filtrate was diluted with
ether, and the organic phase was washed with water and dried over MgSO4. Removal of the
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solvent in vacuum gave a mixture, then column chromatography in eluting (hexane-ethyl
acetate: 3:1) gave the pure compound in a yield of 65% (0.3 g).
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Structure 4.15     Structure of 3-(undece-1-ne) -1H-pyrrole
1H-NMR (ppm, in CDCl3, 500 MHz): δ 8.03 [1H, (H1), br. s], 6.73-6.71 [1H, (H5), J =
2.5Hz, m], 6.58 [1H, (H2), m], 6.11 [1H, (H4), m], 5.89-5.80 [1H, (H15), m], 5.04-4.94 [2H,
(H16), m], 2.54-2.50 [2H, (H6), J = 4.9Hz, m], 2.13-2.06 [2H, (H14), m], 1,68-1.62 [m, 2H,
(H13), m], 1.49-1.44 [2H, (H7), m], 1,29-1.08 [10H, m].
IR (in chloroform, cm-1): 3390 (N-H), 3077 (arom. C-H), 2926 (νas CH2), 2856 (νs CH2),
1640 (C=C), 1463 (pyrrole ring).
4.6.4 Synthesis of 11-(pyrrol-3-yl) undecyl trimethoxysilane (3-PyTMS)
In a round flask were added 0.5 g ω-(pyrrol-3-yl) undecene, 5 ml trimethoxysilane and a
catalytic amount of 1,3-divinyl-1,1,3,3,-tetramethylsiloxane platin complex at –5 ~ 0°C. The
mixture was stirred at that low temperature for 1 hour. Then the mixture was warmed to room
temperature and stirred overnight. The excess of trimethoxysilane was removed to get the
desired product.
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Structure 4.16     Structure of 11-(pyrrol-3-yl) undecyl trimethoxysilane
1H-NMR (ppm, in CDCl3, 500 MHz): δ 8.00[1H, (H1), br s], 6.71-6.70 [1H, (H5), J =
2.5Hz, m], 6.56 [1H, (H2), m], 6.08 [1H, (H4), m], 3.56-3.54 [9H, (OCH3), s], 2.48-2.45 [2H,
(H6), J = 7.7Hz, m], 1.57-1.52 [2H, (H7), m], 1,38-1.08 [18H, m].
29Si-NMR (ppm, in CDCl3, 500 MHz): -40.08
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IR (in chloroform, νmax/cm-1): 3396 (N-H), 3090 (arom. C-H), 2925 (νas CH2), 2851 (νs
CH2), 1462 (pyrrole ring), 1191 (Si-O-CH3), 880-816 (νs Si-O-C)
4.7 Monolayer Formation and Characterization
The pretreatment of oxide substrates and the adsorbed layer formation on the oxide substrates
were done as described in chapter 4.3.
The adsorption behavior of 11-(pyrrol-3-yl) undecyl trimethoxysilane (3-PyTMS) on oxide
substrates was studied by contact angle measurement, UV-VIS spectroscopy, and XPS.
The static contact angles of 3-PyTMS adsorbed from different solvents are presented in table
4.9. The water contact angle data showed that in apolar hydrocarbon solvents (bicyclohexyl),
the adsorbed surfaces have a high hydrophobicity.
Table 4.9     Contact angle data of 3-PyTMS adsorbed from different solvents (48 hours)
Solvents MeOH EtOH bicyclohexyl
Contact angle [°] 78.7 ± 1.48 76.7 ± 2.29 102.7 ± 1.56
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Fig. 4.23     UV-VIS of 3-PyTMS on quartz
UV-VIS spectra of 3-PyTMS adsorbed layers deposited on quartz from bicyclohexyl for 24
hours adsorption time were shown in Fig. 4.23 (axis on left, blue) together with the 3-PyTMS
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monomer diluted in ethanol (axis on right, red). Like the free monomers, the 3-PyTMS
adsorbed layers showed a strong increase in adsorption below 240 nm, beginning at 250 nm.
The absorbance below 240 nm is due to the pyrrole moiety of the 3-PyTMS. The spectra
establish that 3-PyTMS was adsorbed on the substrate.
3-PyTMS has two functional groups. Contact angle data, grazing incident FTIR and UV-VIS
spectra have confirmed that 3-PyTMS is on the surface. Angle-resolved XPS was measured to
study the orientation of the 3-PyTMS on the substrates.
Fig. 4.24     Survey spectrum of 3-PyTMS on Ti
Fig. 4.24 showed the survey spectrum of adsorbed 3-PyTMS on Ti. The peaks of N, C and Si
belonging to the adsorbed molecule are clearly visible. The finding of N, C and Si peaks
indicated that the adsorption of the molecules took place on the Ti substrate. Fig. 4.25 showed
the O1s peak for Ti substrate measured by XPS. The O1s peak for Tipol  substrates was
composed of three peaks corresponding to TiO2 (529.9-530.3 eV), TiOH (531.6-531.8 eV)
and adsorbed H2O (532.5-533.2 eV). The reaction of Tipol substrates with 3-PyTMS shows a
shoulder on the high-energy side of the O1s spectrum. This shoulder has been resolved in Si-
O-Si and Si-O-Ti components, resulting from the grafting of silanes on the Ti surface and
cross-linking of neighbouring Si-O-H groups. This indicated that the 3-PyTMS really
adsorbed on the substrate and Si attached to the surface.
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Fig. 4.25     O1s peaks of Ti modified with 3-PyTMS
Table 4.10    Angle dependence of the relative atomic concentration (%) for Ti substrate after
modification by 3-PyTMS
Take-off
angle [°]
C1s
[0.314]
N1s
[0.499]
O1s
[0.733]
Si2p
[0.368]
Ti2p
[2.077]
Si/N C/Si
20 44.6 2.4 36.7 8.1 8.2 3.37 5.5
30 42.5 2.5 38.3 7.5 9.2 3.0 5.7
45 41.8 2.5 38.4 7.0 10.2 2.80 6.0
60 40.0 2.4 39.7 6.9 11.0 2.90 5.8
80 37.5 2.2 40.9 7.1 12.3 3.23 5.3
The derived C/Si and Si/N ratios (table 4.10) for every take-off angle are far from the
theoretical values, i.e. 14 and 1, respectively. It showed that at low take-off angle (≤ 45°),
Si/N ratio decreases with the increasing of the take–off angle, and at high take-off angle, Si/N
ratio increases with the increasing of the take-off angle. These may be due to the presence of
defects, e.g. pinholes and collapse sites in the adsorbed layer (see scheme 4.21).
O 1s
SiO2
Si-O-Ti
Ti-Oxide
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The thickness of the adsorbed layer on Ti was measured by XPS. It was found that the
thickness (3.12 nm) was bigger than the size of the calculated 3-PyTMS molecular model
(2.26 nm). The same result was found for the adsorbed layer on Si substrate (3.41 ± 0.32 nm)
measured by ellipsometry. This confirmed that the adsorbed layer is not a monolayer but a
multilayer [160].
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Scheme 4.21     Formation of adsorbed layer of 3-PyTMS
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Chapter 5 Grafting Polypyrrole on the Modified
Substrates
In this chapter, the synthesis and characterization of soluble polypyrrole derivatives are
described. In-situ deposition of conducting polypyrrole thin films on adhesion promoter-
modified oxide substrates has been achieved by chemical and electrochemical polymerization.
Optimal reaction conditions were investigated. The thickness and morphology of the resulting
films were controlled by the preparation conditions, such as choice of solvent, deposition
time, pyrrole to oxidant ratio, and monomer concentration.
5.1 Conducting Polymers
5.1.1 Type of Conducting Polymers
The search for conducting polymers began at the end of the 1970s when an increase in
conductivity of 12 orders of magnitude was observed in polyacetylene upon charge transfer
doping [210]. This was closely followed by the fabrication of a free standing polypyrrole film
by the oxidative electropolymerization of pyrrole [211]. Since then, an active interest has
been initiated in synthesizing other organic polymers with this property. Electrochemical
polymerization has been rapidly extended to other aromatic and heterocyclic compounds such
as thiophene [212], furane, indole [213], carbazole, azulene, pyrene [214], and benzene [215].
A slightly different conducting polymer, polyaniline, also received a great deal of attention
[216, 217] at the same time. It has become apparent from this large body of work that
extensive delocalization of electrons along the polymer backbone is necessary for a polymer
to behave as an electrical conductor. This delocalization of electrons may occur through the
interaction of π-electrons in a highly conjugated chain or by a similar interaction of π-
electrons with non-bonded electrons of heteroatoms such as sulphur and nitrogen in the
backbone.
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Table 5.1     Conducting polymers and conductivity [218-220].
Polymers Structure Conductivity (doping)
[S⋅ cm-1]
Polyacetylene 103-105
Polypyrrole 10-103
Polythiophene 10-102
Polyaniline 3-103
Polyphenylensulfide 1-102
5.1.2 Mechanism of Conductivity
In inorganic semiconductors like silicium or germanium, the strong coupling between the
constituting atoms and the long-range order lead to the delocalization of the electronic states
and the formation of allowed valence and conduction bands, separated by a forbidden energy
gap. By thermal activation or photo excitation, free electrons are generated in the conduction
band, leaving positively charged holes in the valence band. The transport of these free charge
carriers is desribed by quantum mechanism.
As we know, most polymers are insulator because their electrons are localized, that is, each of
the electrons is attached to its own nucleus. In organic solids, intramolecular interactions are
mainly covalent, but intermolecular interactions are due to much weaker Van der Waals and
London forces. However, the conducting or semiconducting polymers have the conjugated
double bonds. The double bond consists of a σ-bond and a π-bond. The electrons in the σ-
bonds form the backbone of the chain, dominating the mechanical properties of the polymers.
Due to the π-orbital overlap of neighboring molecules of the conjugated structure, the π-
electrons delocalize along the entire chain, which provides their semiconduting and
conducting properties. The σ-bonds form completely filled, low-lying energy bands have a
much larger ionization potential than π-electrons (and a much large bandgap) and thus do not
contribute in a major way to the electrical and optical properties. The π-bands, however, form
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an energy band in which each carbon atom contributes one electron, and thus the band should
be half-filled because of the spin degeneracy. In metals and conventional semiconductors,
charge transport occurs in delocalized states. Such a model is no longer valid in low
conductivity organic semiconductors, where a simple estimate shows that the mean free path
of carriers whould become lower than the mean atomic distance. In these materials, the π-
electrons are delocalized within a molecule and the carrier transport occurs through hopping
of charges from one molecule to another.
Since the π-conjugated system in conducting polymers extends over the whole polymer chain,
the conducting polymers can be regarded as one-dimensional polymer semiconductors. In
these materials, in addition to direct electron and hole excitions across the semiconductor
band gap, the one-dimensional system may support a host of exotic carrier types like solitons
(topological defects without charge, with spin ½), polarons (electrons and holes, self-trapped
by carrier-lattice interactions) soliton-polarons (charged topological defects without spin, self-
trapped by carrier-lattice interactions), bipolarons (two carriers with charge of the same sign,
bound by lattice distortion), and polaron-excitons (two carriers with charge of opposite sign,
bound by lattice distortion) [221].
5.2 Polypyrrole
Pyrrole was known to form a conductive „pyrrole black“ [222] via spontaneous
polymerization, and its history can be dated back in 1916 [223]. In 1968 [224], it was noted
that pyrrole could be electrochemically polymerized using a variety of oxidation agents to
give a black conducting powder. It can be synthesized both aqueous and non-aqueous solution
during electrochemical polymerization. Polypyrrole has a relatively high conductivity and
environmental stability in the conducting state. It is stable in a wild range of potential range,
during thousands of charge-discharge cycles, and under properly selected conditions its
response is fast. In contrast to polyaniline it can operate both in acidic and neutral solutions,
which makes the polypyrrole electrode attractive for use as sensors material in the
bioelectroanalytical chemistry. Polypyrrole is a relatively air stable organic conducting
polymer, which suffers from poor processability. The use of new tailor made reactive
statistical copolymers for the synthesis of sterically stabilized polypyrrole colloids is decribed
[225]. Moreover, compared to other heterocycles its oxidation potential is low (table. 5.2). For
all of these reasons polypyrrole has been an interesting material to study.
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Pyrrole belongs to the well-known aromatic heterocyclic ring monomers. Its real structure is
not well known, mainly due to its great complexity. Polypyrrole’s macromolecular structure is
generally known to consist of α-α‘ linkages, consecutively rotated 180°, and which are
believed to create a one-dimensional polymer structure, though there are probably a number
of α-β‘ linkages, which lead to a two-dimensional polymer structure [226](Fig. 5.1).
a b
Fig. 5.1     Proposed chemical structures for the growth of polypyrrole. (a. α-α‘ linkages; b. α-β‘
                   linkages)
In an undoped state, polypyrrole is generally considered to have a so-called benzoid structure
and is usually called the neutral state of polypyrrole. Usually conducting polymers in the
neutral structure has low (in high crystallinity, 10-9-10-6 S cm-1) or no conductivity. Photo-
exitation or thermal-excitation can only increase very less charge carriers. Removal or
addition of electrons from the chain of the polymers to increase the charge carrier can be done
by „doping“. This „doping“ is really a redox process slightly different from doping in
conventional semiconductors which accomplished through the introduction of impurities.
That means „p-doping“ or oxidation with an anion accepting the removed electrons from the
conducting polymer chain, and „n-doping“ with reduction or donation of electrons to the
conducting polymer chain. The redox process can be done by chemical electron donators or
acceptors, or electrochemical processess.
As doping of the neutral polymer proceeds, the formation of structural and electronic defects
will take place. At low concentrations, the first predominant kind of defect will be polarons,
which give rise to the formation of two localized states within the bandgap, one split off from
the top of the valence band (the HOMO level is pushed up in energy), and the other split from
the bottom of the conduction band (the LUMO level is pushed down in energy). Further
charge transfer from the polymer chain (i.e., higher doping levels) may then proceed either by
formation of another polaron or by removal of the single electron in the lower polaron level.
In most cases it is found to be favorable to form a doubly charged species-bipolarons.
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Figure 5.2 shows the neutral, the polaron and bipolaron structures of polypyrrole, with the
corresponding schematic band structures as well as the possible electric transition for each of
them.
Fig. 5.2    Neutral state, polaron and bipolaron structures for lightly and heavily doped PPy,
                       respectively, with their corresponding schematic band structures and the allowed
                       electronic transitions
For polypyrrole, positively charged polarons and bipolarons have already been illustrated.
Negatively charged polarons and bipolarons but in practice they do not exist, as polypyrrole
cannot be n-doped stable. In an actual conducting polymer structure, the entire CP chain
would first have to become nearly saturated with polarons before bipolaron formation
commence. This is also supported by spectroelectrochemical studies, at low doping levels,
spectra corresponding to polarons are first seen, before bipolaron spectra occur. In UV-VIS-
NIR spectrum of polypyrrole, the single prominent valence-conduction (π-π*) band transition
in the pristine polymer (at ca. 388 nm) is accompanied by three additional polaron based
transitions at low doping level (ca. 590 nm, 885 nm, 1771 nm), which finally evolve into two
biparon based bands (ca. 459 nm, 1240 nm) at higher doping level.
In bipolaron structure, the two charges are not isolated on specific monomer units, but rather,
are delocalized over several (generally 6 to 8) monomer units, but not the entire CP lattice.
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Therefore, at high dopant concentrations the bipolarons, which are spinless, can become
mobile under the application of an electrical field, thus giving rise to the high conductivity
observed in conducting polymers. The gap between two bipolaron bands never goes to zero,
thus polypyrrole cannot really reach the metallic state [227].
5.2.1 Synthesis of Polypyrrole
Polypyrrole can be prepared in various forms, depending on the method used and on the
preparation conditions. A general difficulty of the reproducible polypyrrole preparation arises
from its complexity. The structure and hence the properties of the resulting polypyrrole are
strongly influenced by a number of variable (e.g., the oxidation potential, the monomer
concentration, the preparation temperature) that are not perfectly controlled. Therefore, the
results on polypyrrole vary widely. Two basic methods are used for the preparation of
polypyrrole: chemical and electrochemical synthesis [228, 229]. The chemical synthesis of
polypyrrole produces easily arbitrary amounts of polypyrrole in various forms, but its
producibility is poor. The electrochemical synthesis of polypyrrole can be conveniently
carried out. An advantage of the electrochemical methods is that the preparation process can
be simply controlled through the current or the applied potential and the charge consumed. A
disadvantage is that polypyrrole can be prepared only in the form of a relatively thin film
deposited on the surface of a conducting material.
5.2.1.1 Chemical Polymerization of Polypyrrole
The chemical synthesis of polypyrrole is based on the chemical oxidation of the pyrrole
monomer. Oxidation can take place in a gas phase (oxidation by I2 vapor) or in an aqueous or
nonaqueous solution, generally with oxidants involving (NH4)2S2O8, H2O2, and many kinds of
salts containing transition metal ions (e.g. Fe3+).
The mechanism consists, as a first step, of the oxidation of the monomer to form a radical
cation. After the initial oxidation step, there is a coupling reaction, followed by a
deprotonation and a one-electron oxidation in order to regenerate the aromatic system. From a
mechanistic point of view, there are two unique stages to the coupling reaction (Fig. 5.3).
There is the initial coupling reaction, which involve the coupling of pyrrole monomers to
produce the dimeric intermediates, and there is the steady-state coupling reaction, which
involves the reaction between the pyrrole monomer and the oligomeric and polymeric
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intermediates. Considering the coupling reaction in the initial stages of the reaction, the
originally formed radical cation could undergo a radical coupling reaction with another
radical to form a dimer, or it could react like an electrophile and add to a neutral monomer.
Chandrasekhar [230] reports that in a typical chemical polymerization, after initial radical ion
generation, rather than a radical-radical coupling as in the generic electrochemical mechanism
above, coupling occurs between radical and monomer. This is due to the fact that in the bulk
of the reaction environment, where the radical initiators are generated, the concentration of
the monomer is in excess, thus radical-monomer combination (generating another radical) is
more likely to be the next propagation step after radical generation [230].
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Fig. 5.3     Mechanism of chemical polymerization of polypyrrole [230]
For chemical polymerization, the effect of solvent and of the redox potential of the
polymerizaton medium on polymer quality and morphology can be very strong. For example,
Miyata and coworkers investigated typical chemical synthesis of polypyrrole using anhydrous
FeCl3 as oxidant/dopant in various solvents. They found that while methanol appeared to be
the best solvent for optimal conductivity and morphology, the equilibrium redox potential of
- 109 -
the solution, controllable via the relative concentrations of the monomer and oxidant and via
addition of FeCl3, was a more important determinant of polymer quality. The polymer
produced in this way also showed a more ordered, fibrillar morphology, and stretched films
[231, 232].
For polypyrrole, control of morphology, conductivity, doping, and related factors is a little
more difficult in chemical polymerizations. Because slight changes in temperature,
concentration and other factors will yield substantial differences in polymer properties, and
even identical synthetic procedures never yielding exactly the same polymer each time.
Chemical polymerization is a better method for the preparation of a large quantity of
polypyrrole because it is free from the restriction of the electrode shape. Except for large
amounts of powdery polypyrrole, the deposition of conducting polypyrrole films on
conducting, and non-conducting materials, and porous glass is possible by this method. The
anions present in the solution are simultaneously incorporated as the polypyrrole dopant
during the chemical synthesis.
5.2.1.2 Electrochemical Polymerization of Polypyrrole
Many mechanisms for the electropolymerization of pyrrole have been made, but the most
widely accepted one is that of Diaz et al. [233]. The electrochemical synthesis of polypyrrole
is based on the anodic oxidation of the pyrrole monomer on the working electrode. During the
polymerization, the resulting polymeric film is simultaneously oxidized and doped with the
anions present in the background electrolyte. The electropolymerization can take place in
either aqueous or non-aqueous solutions.
Like chemical polymerization, the initial step is the generation of the radical cation, but in the
next step, the mechanism of the electrochemical polymerization is different from the chemical
polymerization, according to most studies [211, 234-236]. The general mechanism consists as
a first step of the oxidation of the monomer to form a radical cation. The second step involves
monomer dimerization by radical-radical coupling, in which two protons are eliminated from
the doubly charged dihydromer and a neutral species is formed. As the dimer is more easily
oxidized than the monomer because of the increased stability of the formed radical cation, it is
reoxidized to the cation and undergoes a further coupling with the monomeric radical cation.
Fig 5.4 gives the pathway of electrochemical polymerization of pyrrole [230]. This pathway
shows the following common features:
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1. The initiation step is pyrrole radical generation via electrochemical oxidation;
2. Prapagation is via a). radical-radical coupling; b). elimination two protons from the
radical-radical intermediate species, then generating the dimer; c). electrochemical
oxidation of the dimer, generating another oligomeric radical; d). combination of this or
similar oligomeric radicals with monomer radicals and repeat of steps 2b and 2c,  polymer
was built up;
3. Termination is via exhaustion of reactive radical species in the working electrode and
accompany oxidative or other chain termination processes.
Initiation:
N
H
N
H  
e
+.
+ .
Prepagation:
N
H
N
H
H
H
N
H
N
H
N
H
N
H
n
 
N
H  
N
H  
N
H
N
H
 
e
2
+
+
+ 2H+
+ .
+
+ .
+ .
n+1
.
+ 2H+ + .
+
Termination:
N
H
N
H
n
 
N
H
N
H
n
 
O
+ . H2O
Fig. 5.4     Mechanism of electrochemical polymerization [Lit. 230]
The termination step in polymerization is not clear and different hypothesis have been
proposed. Most researches believe that the reaction with water could be one of the reactions
that quenches the polymerization.
The final polymer chain bears a charge of unity for every three or four pyrrole rings; this
charge is counterbanced by the anion of the electrolyte salt. The elimination of the α protons
indicated by this mechanism is consistent with the decrease in the pH value of the electrolyte
solution during film growth.
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There are a huge number of publications dealing with parameters influencing the final
properties of polypyrrole samples during electrochemical polymerization. Only several
important parameters are briefly discussed.
The solvent of electropolymerization is an important factor, which influence not only the
quality of the polymer film obtained but also its conductivity, morphology, and subsequent
electrochemical and chemical behavior. The nucleophilicity of the solvent is important for the
electropolymerizaiton since the nucleophilic solvent is likely to attack the free radical
intermediates. If the nucleophilic character of the solvent is enhanced, film formation is
minimized. Films are not produced in the nucleophilic aprotic solvents such as DMF, DMSO
unless the nucleophilicity of the solution is reduced by the addition of the protic acid [237].
Acetonitrile is one of the most useful polymerization solvents due to good nucleophilicity,
facilitating proton removal in the polymerization, poorer solubility or insolubility of polymer
as well as of oligomers, relative dryness, with sufficient water content for effective
polymerization without early termination. Table 5.2 showed some solvents and electrolytes
used for polypyrrole polymerization.
Table 5.2     Solvents and electrolytes used for polypyrrole polymerization [230].
Solvent/electrolyte Polymerization
Acetonitrile/tetraethylammonium tetrafluoroborate good
Acetonitrile/toluenesulfonic acid good
Acetonitrile/tetraethylammonium tetrafluoroborate plus 1.0 M
pyridine
none
Acetonitrile/lithium perchlorate good
Methylene chloride/ tetrabutylammonium tetrafluorobonate good
Butanone/tetrabutylammonium tetrafluorobarate good
Propylene carbonate/tetrabutylammonium tetrafluoroborate good
Dimethylformamide/tetrabutylammonium tetrafluorobonate none
Dimethylformamide/toluenesulfonic acid good
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With regard to the electrolyte salt, the main considerations of the solvent are the solubility,
degree of dissociation, and the nucleophilicity. For this reason most of the salts are tetra-alkyl
ammonium salts since they are soluble in aprotic solvents. Good films are typically not
produced when the anion is halide because halides are fairly nucleophilic and easy to oxidize.
The highly nucleophilic anions such as OH-, CN-, CH3COO-, C6H5COO- do not produce good
quality films either and instead produce soluble products, which colour the reaction solution.
The nature of the working electrode also plays an important role in the synthesis of
polypyrrole. It is important that the working electrode does not oxide with the monomer. For
this reason, polypyrrole was synthesized using an inert platinum or gold electrode.
Polypyrrole has been synthesized on various substrates for specific applications. Pt wire is
preferred for purely electrochemical characterization. For preparation of free standing films,
graphite, special materials (e.g. basal-plane or pyrolytic graphite, or glaassy carbon) may be
preferred. Iron [238, 239], stainless steel [240], and aluminum [241] electrodes have been
used for corrosion studies, and n-Si is also successful for semiconductor application [242].
5.2.1.3 Factors Influencing Polymerization Reaction
No matter chemical or electropolymerization, the mechanism of polymerization of pyrrole is
first the formation of the radical cation. While an organic monomer can undergo
electropolymerizaiton or not, the keys lie in a combination of factors of stability of the radical
cations generated in the first step and the oxidation potentials for generation of these. In
nearly all cases, where successful electropolymerization is observed, the radical cation are
found to be highly stabilized via mechanisms such as charge delocalization, and the
electrochemical oxidation was reasonably facile. Because of the low oxidation potential it is
possible to produce their radical cations more easily by oxidation. For example, carbazole,
furane and indole produce poorly formed polymers with low conductivity on
electropolymerization compared with polypyrrole due to all molecules whose radical cations
are less well-stabilized than that of pyrrole [243]; and the oxidation potentials of indole and
furan are all high comparable to that of pyrrole (in acetonitrile 0.9 V (indole), 1.85 V (furan),
0.8 V (pyrrole) vs. SCE) [244, 245]. Table 5.3 briefly summaries the oxidation potential of
pyrrole and substituted pyrrole.
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Table 5.3     Structures and oxidation potentials (Ep. Vs. Ag/AgNO3) of substituted pyrrole [ 246]
N
RR
R 1
34
Monmers
R1 R3 R4
Ep, V
H H H 0.92 (0.80, E vs SCE) [230]
H Me H 0.78
H Me CO2H 1.06
H Me CO2Et 1.02
H Me CO2Bz 1.02
Me H H 0.80 (E vs SCE)[230]
5.2.2 Substituted Pyrroles
Polypyrrole synthesized by conventional chemical and electrochemical methods is insoluble
in common organic solvents. Its poor processibility has been explained by the presence of
strong interchain interactions. For many years, much research has been focused on improving
the processibility of the polymer in organic solvents. One useful method is using substituted
pyrrole as monomers.
In pyrrole the electrophilic substitution occurs at 2-position under ambient conditions.
Substitution at the 3-or 4- positions requires the use of a N-protected pyrrole derivatives like
N-phenylsulfonyl pyrrole, and substitution at N-position needs the synthesis of alkali salt of
pyrrole. In general, the percentage of alkylation at the N-atom increases with the solvating
power of the medium and decreases with the coordinating ability of the metal ions.
A number of N- or 3-substituted pyrroles have beeen prepared [247-249]. Such substituted
polypyrrole really increased its solubility in certain types of organic solvents [250, 251]. But
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long alkyl substitution in N-position decrease the electrical conductivity presumably due to
steric effects distorting the conjugated π system from coplanarity and/or reduction in
interchain conductivity [252]. Several methods were used to improve the conductivity. By
preparing copolymer films or controlling nucleation process, films of intermediate
conductivity can be obtained. Pyrroles substituted in the 3- or 4-positions are usually
preferred. When the substituents are not electron-withdrawing and /or too bulky, these
monomers are easily oxidized and yield polymers with good conductivity [253].
Some functional groups will have dramatic effect on the polymerization process since they
will provide self-doping eliminating or minimising the need for a supporting electrolyte [254,
255]. For example, monomers (I) and (II) shown below with –SO3H and –COOH groups
provide the charge required to dope the polymer during oxidation and polymerization.
N
H
SO3H
( I )
N
H
CH3 COOH
( II )
The electronic nature and bulkiness of the substituent governs the oxidation potential of the
substituted pyrroles. As the bulkiness increases the oxidation potential also increases [256].
5.2.3 Properties of Polypyrrole
5.2.3.1 Transport Mechanism of Conducting Polymers
In conducting polymers upon the introduction of an electron or hole, a defect in the polymer
chain has been created (i.e., polaron and bipolaron) as already mentioned. These charged
defects are the real charge carriers in non-degenerated conducting polymers. Charge transport
in conducting polymers consists generally of two components: intrachain and interchain
transport. Intrachain charge transport occurs along the polymer backbone and requires less
energy than interchain charge transport, which involves the hopping of the charge to
neighboring chains. The dopant compounds play a very importment role in the hopping
process during interchain charge transport. Since 1990, there are several models being
developed to rationalize the hopping transport [230].
The conductivity σ of a conducting polymer is related to the mobility of charge carriers µ. σ
can be described as follows
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σ = n⋅e⋅µ Eq. 5.1
where e is the electronic charge and n the number of charge carriers per unit volume.
The carrier mobility µ in the semiconducting polymer can be estimated by considering that
the transition probability of the hopping process is related to diffusicity D, which in turn is
related to the mobility through the Einstein‘ relation. One gets the following expression for
the mobility [227]:
µ = νphexp[-2αRhop-   ] Eq. 5.2
where Rhop is the average hopping distance, νph is the hopping frequency (i.e., an optical
photon frequency, ~ 3.61 x 1013s-1) and Whop is the activation energy. The expression exp
(2αRhop) describe the overlap of the wave function between adjacent hopping states. With Eq.
5.2 it is possible to evaluate the mobility of the semiconducting polymer in the whole
temperature range.
Table. 5.4     Conductivity of various derivatives of polypyrrole [258]
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The concentration of charge carriers in conjugated polymers may be altered by changing the
extent of doping; e.g., electrochemically reduced PPy contains only a few charge carriers and
is practically insulating. The carrier mobility may be thought of as a measure of the ease with
which the charge carriers move through the material, and it is sensitive to the level of
structural order present in the polymer. Thus, structural defects decrease the conductivity by
lowering the mobility.
An additional functional groups introduced to the monomer influences the electrical
properties of the resultant polymer. With increasing side chain length, µ clearly decreases: the
more packing required for the longer chain would hinder hopping between chains for
conduction [257].
5.2.3.2 Switching Properties
Charge can be reversibly inserted or removed from a conducting polymer by cycling the
material from the oxidized to the reduced state, accompanied by a decrease in the
conductivity. The process is usually described rather simplistically as indicated in equation
5.3:
Eq. 5.3
The switch involves the mass and charge transfer in the film and charge transfer at the point
of electrical contact (usually as inert electrode substrate). Recently, it was observed that the
conductance of the polymer films reasonably changes in time after polymerization [259]. If
the potential applied is too positive, over oxidation of the polymer occurs [260] and this
polymeric material has inferior electrical properties. If the potential applied is too negative,
hydrogen evolution and subsequent deterioration of the polymer occur.
5.2.4 Factors Influencing Electrical Behavior
The morphology and thickness of the polypyrrole films can strongly influence the electrical
behavior [261]. It has been found that the thickness increases (above 300nm), the charge
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transport tends to be space charge limited. But for very thinner films, the charge transport is
limited by thermoionic emission. Thinner films can sometimes give inadequate response or
wrong results, and thicker films frequently start showing much slower switching, unwanted
diffusion effects [230]. Yuan et al [262] investigated the morphology of electrochemicallly
deposited PPy films, demonstrating that the PPy films can form well-ordered neutral networks
under some determined electropolymerization conductions. The improvement in structural
order affords an increase in the charge carrier mobility. Schmeißer et.al [263] concluded that,
when a polymerization current density above 3 mA.cm-2 is used, the PPy film chains present
2-D sructures similar to the neutral networks observed by Yuan et al. These 2-D structures
would facilitate the grain formation commonly observed in PPy films, being the carrier
conduction made by interganular tunneling or by intergranular hopping at high temperature.
For smoother PPy films, the average grain size is smaller and the grains are closer to each
other, the energy barrier between them decrease improveing intergrain conduction.
5.3 Chemical Polymerization of 3-Substituted Pyrrole
Derivatives
The use of conducting polymers as materials for chemical and gas sensors has been widely
reported in the literature. In pratical, humidity and gas sensors using polypyrrole (PPy) as a
sensing material have been described. However, polypyrrole synthesized by chemical and
electrochemical methods is insoluble in common organic solvents. For increaseing the
solubility of polypyrrole, polymerization of 3-substituted pyrrole monomers was involved.
5.3.1 Chemical Polymerization of 3-Substituted Polypyrrole
5.3.1.1 Common Procedure of Chemical Polymerization of 3-substituted Polypyrroles
A solution of NaS2O8 (0.5 mmol) in H2O (4 ml) was added dropwise to a solution of the
monomer ω-(pyrrol-3-yl alkyl) phosphonic acid (1.0 mmol) in methanol (20 ml) (or mixture
of ω-(pyrrol-3-yl alkyl) phosphonic acid and pyrrole), and the resulting mixture was stirred at
room temperature for 24 hours under argon. After 24h, the solvent was removed by rotary
evaporation. The residue was added to methanol and the precipitated polymer was collected
by filtration. The oxidant was removed by soxhlet extraction using water as solvent and the
polymers were dried for analysis. The soluble polymer dissolved in methanol was collected
and was removed the solvent by evaporation. The residue was dissolved in methanol again
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and filtered. This process was done several times till NaS2O8 cannot be seen on filter paper.
The obtained black powder (homopolymers or copolymers) was dried and then characterized
by thermal studies. The molecular weight of the soluble poly (3-substituted pyrrrole) was
analysized using MALDI-TOF-MS. The molecular weight of copolymer (coPYPA4/Py 1:3)
was about 1540 g/mol.
5.3.1.2 Chemical Polymerization of Polypyrrole
1.0g pyrrole was taken in a single-necked round bottom flask provided with a magnetic
stirrer. 20 ml of 2.0 M solution of FeCl3 in water was added to the flask and the contents were
stirred at room temperature. After 18h, FeCl3 was removed by Soxhlet extraction using
methanol as solvent. A black powder was obtained, which was dried and characterized by
thermal studies.
5.3.2 Characterization of Polypyrrole Derivatives
The synthesized monomers were checked for their ability to polymerize. Homopolymerization
of ω-(pyrrol-3-yl alkyl) phosphonic acids was carried out by chemical polymerization.
Na2S2O8 was used as oxidizing agent in methanol and in every case blackish powders could
be obtained. The copolymerization of pyrrole and 3-substituted pyrrole alkyl phosphonic
acids in different ratio with pyrrole were attempted. IR spectrum of homopolymers and
copolymers were investigated (see Fig.5.5).
In the IR spectra, the N-H, C-H and CH2 stretches between 3500 cm-1and2850 cm-1, usually
not present in PPy, are clearly visible in the homopolymer and copolymer spectra. Especially,
prominent features of these spectra are the presence of symmetric and asymmetric CH2
stretching vibration at 2848 and 2919 cm-1, revealing the presence of alkyl groups in the
homopolymer and copolymer. The part of spectra of homopolymer and copolymer below
2000cm-1 are quite similar. The band at 1730cm-1 wavenumbers indicates that some of the
pyrrole moieties were oxidized. Usually highly oxidized material shows a strong IR
absorption at 4000-1600cm-1; the broad featureless band has been attributed to a free charge
carrier absorption. But from IR spectra, we can see that in the material synthesized as
described here, the peak is not so broad indicated that the materials are low oxidized. And
from IR spectra, we are not sure that the copolymers are real copolymers or a mixture of two
homopolymers. It will be confirmed from thermo- analysis (see Fig. 5.7).
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Fig. 5.5     IR spectrum of homopolymers and copolymers
Figure 5.6 showed the UV spectra of synthesized polymers. These synthesized polymers had
nearly similar UV-VIS spectra with an absorption band at 235 nm. From these data it appears
that the alkyl chain length does not affect the UV-VIS spectra of the 3-substituted
polypyrroles. UV spectra showed a broad absorbance in the range of 200~800nm with a peak
at about 500nm-550nm and a plateau at and beyond 800nm. An additional peak at 235nm
might be attributed to unreacted monomers that are left in the product, whereas the optical
spectra of the obtained material clearly indicate that polymer is formed. The absorption at
about 350-390nm with a shoulder is indicative of a HOMO-LUMO “band” gap. They also
show that the material is not highly oxidized because the absorption between 460-590nm is
attributed to polaron/bipolaron based transitions at low a doping level. These results are in
agreement with the IR spectra. When the polymer formed was kept in air for several hours, a
decrease of the polymer yield and smaller molecular weights were measured [264]. This also
agrees with the behavior of polypyrroles synthesized by conventional means, where only
highly oxidized material is stable under ambient conditions.
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Fig. 5.6     UV-VIS spectra of homopolymers and copolymers
The thermal stability of homopolymers and copolymers obtained by chemical polymerization
were assessed using thermogravimetric analysis from room temperature to 800°C under
nitrogen (Fig. 5.7a,b).
The thermograms have roughly similar shapes at high temperature for homopolymers of
PYPA-6, PYPA-8 and PYPA-11, showing a plateau value of weight fraction vs. temperature
(Fig. 5.7a). Homopolymers of PYPA-6, PYPA-8 and PYPA-11 were all decomposed about
450°C compared to polypyrrole. The TGA indicated that the stability of 3-substituted
homopoly (pyrrole)s was generally lower than that of polypyrrole and correlation of the
stability of 3-alkyl derivatives polypyrrole with the chain length. The lower stability with
increased chain length is due to the relative lack of cross-linking in the substituted
polypyrrole when compared to polypyrrole. The same result was reported that the dodecyl and
hexyl derivatives homopolypyrrole exhibited lower stability than polypyrrole [265].
The shapes of TGA curves for different copolymers changed with the content of pyrrole and
the TGA curves of the copolymers with a higher content of pyrrole have the similar shape
(except 1:1 ratio copolymer) like PPy indicating that the copolymers are real copolymers.
Each sample was stable to temperature below 300°C (Fig. 5.7b)
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Fig. 5.7     TGA of homopolymers (a) and copolymers (b)
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Table 5.5   Thermal stability of homopolymers and copolymers of pyrrole and ω-(pyrrol-3-yl alkyl)
phosphonic acids (n=4,6,8,11)
Polymers Decomposition
temperature
[°C]
Solubility
(in methanol)
Polypyrrole, PPy - insoluble
HomopolyPYPA-6 280, 450 soluble
HomopolyPYPA-8 220, 450 soluble
HomopolyPYPA-11 200, 450 soluble
Copoly(PYPA4:Py)1:3 300, 465 soluble
Copoly(PYPA6:Py)1:1 280, 465 soluble
Copoly(PYPA6:Py)1:3 260, 470 soluble
Copoly(PYPA6:Py)1:5 - insoluble
Copoly(PYPA6:Py)1:7 270, 470 insoluble
Copoly(PYPA6:Py)1:10 250 insoluble
Copoly(PYPA8:Py)1:3 265, 465 soluble
Copoly(PYPA11:Py)1:10 250 insoluble
5.4 Surface Polymerization of Modified Polypyrrole Films
It has been demonstrated with a variety of systems that surface-modified monomers of
conductive polymers can serve as nucleation sites for chemical or electrochemical growth of
conducting polymer films. The involvement of such surface-modified monomers units in the
polymers results in a strongly adhered, conductive polymer layer compared to what is
achieved by spin-coating or electropolymerization from bulk solution onto an unmodified
surface. The functionalized adsorbed layer can also template the growth of conductive
polymers, because the surface-modified monomers on substrates can change the interfacial
environment. The resulting films will exhibit different morphologies and properties depending
on the reaction condition.
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Scheme 5.1     Polymerisation of pyrrole via template modified surface
5.4.1 Chemical Deposition of Polypyrrole Films on Silane- or Phosphonic
          acid-modified Substrates
In a typical reaction, the substrate modified with the appropriate adhesion promoter was
dipped in 1.7 M oxidant-H2O solution, and a two times volume of 0.1 M pyrrole-MeOH
solution was added. The mixture was stirred at room temperature for 24 h, and then the
substrate was removed from solution. The sample was washed by sonication in three
consecutive steps (10 min each) in methanol and water to remove the loose polymer attached
on the film surface, and blown dry with argon. Other parameters for deposition of polypyrrole
films were as follows: Pyrrole concentration = 0.01-0.15 M; oxidant: Na2S2O8, FeClO4,
FeCl3, Mo(PO4)12; Pyrrole to oxidant ratios 0.10-0.25; solvents: MeOH-H2O, H2O, CH3CN;
deposition time: 0.5h-24h; reaction atmosphere: air or nitrogen; reaction temperature: 0°C and
room temperature.
5.4.2 Characterization of Polypyrrole Films Prepared by Surface Chemical
          Polymerization
The formation of polypyrrole films was identified by UV-VIS and Raman data, both spectra
showed the characteristic absorption patterns of polypyrrole.
The UV-VIS absorption spectra (see Fig. 5.8) of the polypyrrole film exhibit a broad
absorption maximum at about 900 nm, This intense low-energy band is associated with the
conducting polymer in a low doping level [266]. In UV-VIS spectra, all polymers showed a
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broad tailing absorption in the range of 300 nm to 500 nm. The tailing absorption is assumed
to be due to a π-π* transition of a conjugated polymer main chain [267].
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Fig. 5.8     UV of polypyrrole film
Acccording to Furukawa [268], it is possible to correlate to optical transitions, which makes
Raman spectroscopy a valuable tool not only for the analysis of the deposition films but also
for the characterization of the doping state and structural distortions of the conductive
polymer skeleton. The Raman spectrum (see Fig. 5.9) was measured in 632.8 nm excitation
wavelength. All peaks are broadened, and several additional broad peaks are visible in the
1600 to 1100 cm-1 region. These peaks are attributable to C=C stretch, C-C stretch, C-N
stretch, and C-H bend vibrations, or due to the normal mode associated with a charged
soliton, according to two different interpretations. The transition between the polaron (radical
cation) and bipolaron (dication) states is also visible, for instance, the peak at ca. 986 cm-1 is
assigned to the polaron state while that at 1369 cm-1 is associated to the bipolaron state.
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Fig. 5.9     Raman spectra of polypyrrole film
UV-VIS spectra and Raman spectra showed that the polypyrrole films on modified substrates
have the typical characteristics of polypyrrole. These polypyrrole films have low doping level.
5.4.3 Surface Characterization of Polypyrrole Films
For the use of these polymer films in possible applications it is necessary to investigate the
surface properties of the polymer films. The film roughness was determined using AFM
measurements and the morphology of the deposition films were observed by SEM and AFM.
Figure 5.10 showed the roughness of PPy/PYPA-6/Ta was 7.456 nm. The film thickness of
this sample was 100 nm (measured by AFM).
Fig. 5.10     Roughness measurement of PPy/PYPA-6/Ta
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To investigate the influence of the chain length of adhesion promoter on the morphology of
the deposited polypyrrole films, SEM and AFM measurements were used. Fig. 5.11 shows the
AFM images of polypyrrole deposited on different chain length of ω-(pyrrol-1-yl) alkyl
dimethylchlorosilane modified silicon substrates, and Fig. 5.12 shows the SEM of polypyrrole
deposited on different chain length of ω-(pyrrol-3-yl) alkyl phosphonic acid modified
tantalum substrate.
Fig. 5.11    AFM of polypyrrole films on PMCS modified substrates (a. PPy/PMCS-6/Si, Rf= 40 nm,
                    thickness= 100 nm; b. PPy/PMCS-8/Si, Rf= 10 nm, thickness= 60 nm; c. PPy/PMCS-
                    11/Si, Rf= 5 nm, thickness= 50 nm; d. PPy/PMCS-16/Si, Rf= 2.5 nm, thickness= 50 nm)
One can see that polypyrrole deposited on the adhesion promoter, which was either N-
substituent or 3-substituent pyrrole with longer alkyl chains, have a smoother morphology
than that of films deposited on adhesion promoter with shorter alkyl chains. Contact angle and
ellipsometry data of the absorbed layer at chapter 4 have shown that adhesion promoters with
longer alkyl chains formed more compact and ordered self-assembly absorbed layer on the
oxide substrates. The consistent behavior of the absorbed layer and polymer films deposited
on them suggested that the adhesion promoter on the surface provided nucleation sites for
polymer chains to grow. Although we do not have any evidence to show that the polypyrrole
chains are tethered on the pyrrole molecules of the absorbed layer, the existence of the pyrrole
molecules on the surface affects the deposition and growth of the polypyrrole chains and the
a b
c d
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resulting surface morphology of the polymer films. This phenomenon could be rationalized as
the self-assembly absorbed layer creates an organic environment for organic polymer to
deposit and grow.
a b
c d
Fig. 5.12   SEM of polypyrrole films on PYPA modified substrates (a. PPy/PYPA-4/Ta; b.
                    PPy/PYPA-6/Ta; c. PPy/PYPA-8/Ta; d. PPy/PYPA-11/Ta)
The solvent used in the polymerization procedure also affected the morphology of the
resulting polymer films. We found that deposited polypyrrole films obtained from hydroxy
containing solvents (such as methanol/H2O) have smoother morphology (Fig. 5.13). Wu et al.
reported that the quality of polymer films have the relationship with the relative permittivity
of the solvent [269]. Solvents with higher relative permittivity will stabilize the radical cation
during the polymerization, favouring the growth of polymer chains, and resulting in better
quality films. Even though water has high relative permittivity (ε = 78.54) and is a relatively
reactive molecule, polypyrrole films prepared from aqueous solution, while showing good
adhesion, had a higher number of structural defect and very small thickness. Methanol (ε =
32.63) and water mixture (2:1 v/v) as solvent can solve this problem. Acetonitrile (ε = 37.5) is
a good solvent for electropolymerization, however, in chemical polymerization, polypyrrole
films prepared from acetonitile had higher surface roughness. These results are agreement
with the literature reported [269, 270].
- 128 -
a b c
Fig. 5.13     SEM of polypyrrole films prepared in different solvent (a. acetonitrile; b. MeOH/H2O;
                    c. H2O)
The kind of oxidant used in the polymerization also affected the quality of the resulting
polymer films. With a low power catalytic oxidant the rate of the polymeriaztion is relatively
slow, and the polymer film is relatively smooth. Using a more powerful oxidant such as
(NH4)2S2O8 gave faster rates of polymeriaztion but always resulted in low dense and rough
polymer films [271].
The morphology of the polypyrrole films deposited on modified substrates were influenced by
the chain length of the adhesion promoters, the solvent and the kind of the oxidant. In general,
the longer chain derivatives of adhesion promoter, higher relative permittivity solvent and
lower powerful oxidant, the smaller the surface roughness of the resulting films.
The thickness of the polypyrrole films on Si wafer was determined by ellipsometry. The
method was described in chapter 2. The thickness of the polypyrrole on metal substrates, such
as Ta, Ti, was determined by AFM (Fig. 5.14).
50nm
Coated part
Uncoated part
Fig. 5.14     Thickness measurement by AFM (PPy/PYPA-6/Ti by surface chemical polymerization)
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The kind of oxidant and monomer to oxidant ratio were found to affect the quality of
polypyrrole films. When FeCl3 is used as oxidant, the resulted polypyrrole film is smooth but
too thin compared with FeClO4 or Na2S2O8. The dependence of thickness on
monomer/oxidant ratio at constant monomer concentration is shown in Fig. 5.15.
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Fig. 5. 15    Effect of monomer to oxidant ratio on the thickness of polypyrrole films (deposition time 1h;
                    pyrrole concentration 0.03M; oxidant Na2S2O8; solvent MeOH/H2O 2:1 v/v; RT, in
                    air)
For a constant monomer to oxidant ratio, the effect of the monomer concentration on the
thickness of polypyrrole film is shown in Fig. 5.16. It was found that polymer films prepared
at a monomer concentration of 0.1 M have the highest thickness and smallest surface
roughness when Na2S2O8 was used as oxidant. At low monomer concentrations, pyrrole in
solution has less chance to get covalently bonded to the adhesion promoter on the surface.
The polypyrrole chains also have less chance to graft on the surface, while at higher
concentrations, the reaction rate is too fast to allow growth of a dense film on the substrate;
both circumstances are unfavourable for film growth. However, due to the limited solubility
of Na2S2O8 in water, the concentration of Na2S2O8 can not be higher than 0.1 M. Wu reported
that polypyrrole films prepared at monomer concentration of 1.5 M have the bigger thickness
and smallest surface roughness when FeCl3 was used as oxidant [269].
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Fig. 5.16    Effect of monomer concentration on the thickness of the polypyrrole films (deposition
                        time pyrrole to oxidant ratio 0.17; oxidant Na2S2O8;  solvent MeOH/H2O 2:1 v/v; RT, in air)
Effect of deposition time on the thickness of the polypyrrole films is shown in Fig. 5.17. The
thickness of the polypyrrole film increased as the deposition time during the first 4 hours and
then reached a plateau due to complicated equilibrium processes between polypyrrole chains
deposited on and removed from the substrate. It was also found that all pyrrole molecules
were polymerized to polypyrrole after 20 hours. This was confirmed by the similar amount of
polypyrrole powder recovered from the reaction vessel for deposition times more than 20
hours. The optimal deposition time is that when all monomers in solution are consumed.
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Fig. 5.17   Effect of deposition time on the thickness of the polypyrrole films (pyrrole to oxidant  ratio0.23;
                  oxidant Na2S2O8; Pyrrole concentration 0.03M; solvent MeOH/H2O 2:1 v/v; RT, in air)
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The reaction atmosphere and temperature did not have any obvious effects on the properties
of the polypyrrole films.
5.4.4 Effect of the Adhesion Promoter on the Deposition of the Polypyrrole
          Films
Polypyrrole films deposited on synthesized adhesion promoters modified substrates showed
much better adhesion compared to those an unmodified substrates. In Fig. 5.18, polypyrrole
film on a silane-modified substrate part clearly showed a smooth, continual and compact film,
and on unmodified substrate part no polypyrrole film can be observed. When unmodified
substrates were used, only loosely attached particles were found on the surface, which could
be washed off easily with solvent. During the polymerization most of the polypyrrole chains
are probably not directly bounded to the pyrrole molecules on the surface. However, for the
adhesion promoter modified substrates, the formation of pyrrole molecules on the surface of
the inorganic substrate increase the interaction between the organic polymer and the substrate,
and therefore, increases the adhesion between them. At our reaction condition, adhesive films
up to 450 nm in thickness can be obtanied on modified substrate.
Fig. 5.18    Effect of the adhesion promoter on the deposition of the polypyrrole films (the thickness of
                    red color polypyrrole film (left) 250 nm; the thickness of blue color polypyrrole film
                   (right) 150 nm)
Modified part (with adhesion promoter)→ polypyrrole
films
Unmodified part (without adhesion promoter)→ no
polypyrrole films
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5.4.5 Electrical Conductivity of the Polypyrrole Films
The electrical conductivity of the polypyrrole films was measured in Prof. S. Nešpůrek group
(Insitute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic,
Prague).
The j-V measurement was done in the way of recording current value with linearly or
logarithmically increasing or decreasing the voltage at a designed time interval and voltage
step by electrometer Keithely 6517A (Fig. 5.19). The measurement was automatically
controlled by PC and could be done in air or in vacuum by changing the temperature range
from –60 °C to 120 °C. The polypyrrole films were prepared by chemical polymerization of
polypyrrole on PMCS-modified substrates like described above. Metal strips (Al or Au) were
evaporated onto the polypyrrole layer. The thickness of the metal strips (Al or Au) is about
100 nm. The distance between strips is 300 µm. Electrical contacts was made on metal strip
with silver paste. The measurement was done in vacuum (0.01 Pa).
Fig. 5.19     Equipment of j-V measurement
The j-V characteristics of PPy films based on PMCS-n (n = 8, 11, 16) are shown in Fig. 5.20.
The results illustrate that the value of the electrical current does not monotonically depend on
the length of the spacer of the adhesion promoter monolayer; the changes in the current with
the space length one can take as a scattering of the experimental values. This is due to our
sample is coplanar sample. The measurement was taken place in the two-point geometry.
Thus, PPy films based on PMCS-16 due to the best film quality, stability and reproducibility,
were used for the further detail studies.
Al
Polypyrrole film
Si/SiO2
0.3mm
Adhesion  promoter
Al  wire
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Fig. 5.20     The j-V characteristics for Si/SiO2//PMCS-n/PPy/Al samples (n = 8, 11, 16).
Temperature dependences of j-V characteristics of Si/SiO2/PMCS-16/PPy/Al sample are
shown in Fig. 5.21. At room temperature and high temperatures, PPy film shows ohmic
behaviour in all the voltage ranges where the material is conductive and it does not show
irreversible changes. At low temperature, the range of voltage for which the resistance can be
measured increases and it is easier to detect non-ohmic behavior. At low temperature,
polypyrrole has ohmic behavior only at low voltage. With the increase of the voltage, the non-
ohmic behavior can be observed. From this figure, we can see that at the constant voltage, the
current increase with the temperature (see Fig. 5.22). The electrical current increases with
temperature, the film shows a typical semiconductor behavior. In polypyrrole, and most of the
organic conducting polymers, charges reside in granular islands or domains of delocalization.
This is a consequence of the chemical constitution of the material; in the conducting oxidation
state the neutral covalent-bonded backbone are protonated (p-doped) with a counterion sitting
interstitially. Band structure calculations have shown that at low temperature the charges on
the backbone form polaronic and even bipolaronic states. The remaining carrier are a result of
the ionization of defects, which are near the middle of the gap and which can be ionized at
high temperatures [272].
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Fig. 5.21    The j-V characteristics for Si/SiO2/PPy/PMCS-16/Al sample (thickness = 87 nm) at different
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Fig. 5.22     The ln j vs T-1 plot for Si/SiO2/PPy/PMCS-16/Al sample at constant voltage 3
                    V and 5 V
Figure 5.23 shows the replotted j-V characteristics in the form of ln (J/U) vs. U1/2 (J is the
current intensity, it is calculated by j divided the interceptive area of PPy layer). The linear
behavior indicated by the straight line is coherent with the predictions of the model derived by
Simmons [273] for charge carrier transport limited by thermionic injection into low mobility
materials, which predicts a current density given by
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where q is the elementary charge, Ne is the effective density of states in the semiconductor, µ
is the charge carrier mobility, F is the electric field strength, E is the energy barrier at the
interface, k is the Boltzmann constant, T is the absolute temperature and β is a constant.
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Fig. 5.23    The ln(J/U) vs. U1/2 plot for Si/SiO2/PPy/Al sample (thickness = 87 nm). The straight
                   line indicates the linear fit.
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Fig. 5.24     Charge carrier mobility on temperature dependence for Si/SiO2/PPy/Al sample.             
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The positive charge carrier mobility can be obtained from the intercept B of the straight
segment of the ln j/U vs. U1/2 curve. From Eq. 5.4 one can estimate the intercept B and the
slope A of the linear segment as below:
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From the slope A of this linear segment in ln (J/U) vs. U1/2 plot, based on Eq. 5.5 one can
estimate constant β average value 0.01 eV V-1/2 cm1/2. The potential energy barrier, E, at the
metal/polymer interface can be estimated from the ln j vs. T-1 plot, where we have
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Then we can estimate E for positive charge carriers in the PPy/Al interface as 0.052 eV.
Assuming Ne = 2.5 × 1019 cm-3 [274], the positive charge carrier mobility for different
temperatures was estimated. In Fig. 5.24 we present the ln µ vs. T-1 curve. At room
temperature the mobility for positive charge carriers is 1.4 × 10-4 cm2⋅V-1/s, two order of
magnitude higher than the values reported in the literature for the electrodeposited PPy films
[275] and lower than the highest mobility value reported in the literature for PPy (ab. 10-1
cm2⋅V-1/s), which was observed in p-toluene sulfonate doped PPy [276].
5.5 Characterization of Polypyrrole Films on Modified Substrate
by Electrochemical Polymerization
5.5.1 Electrochemical Polymerization of Polypyrrole Films on Modified
          Substrates
5.5.1.1 Oxidation Potential
Electrochemical experiments were carried out in a three-compartment three–electrode glass
cell with Ag/Ag+ non-aqueous reference electrode. The working electrode and counter-
electrodes Pt were cleaned ultrasonically. The oxidation potential of the synthesized adhesion
promoters was measured by cyclic voltammetry. Cyclic voltammetry (CV) experiments were
conducted at room temperature on a EG and G Princeton Applied Research model
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potentistat/galvanostat. Oxidation potentials of these adhesion promoters are shown in Fig.
5.25.
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Fig. 5.25     Cyclc voltammograms for (a) PYPA-6; (b) 3-PyTMS
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Fig. 5.25     Cyclc voltammograms for (c) PMCS
The oxidation potential of 1-substituted pyrrole derivatives (Fig. 5.25c) is higher than pyrrole
and we observe that as the chain length increases the oxidation potential decreases. This high
potential can be explained in terms of the steric and electronic factors, which make the
oxidation of 1-substituted pyrroles a bit difficult. And the oxidation potential of 3-substituted
pyrrole derivatives (Fig. 5.25a,b) is slightly lower than that of pyrrole due to the effect of the
3-substituted alkyl group. The obtained values are in accordance with the known and widely
investigated 1-substituted and 3-substituted pyrroles. These 1- or 3-substituted pyrrole
derivatives have a possibility to copolymerize with pyrrole or other pyrrole derivative due to
their close oxidation potentials. On potential benefit of the positive shift in Epa (oxidation
potential) it is that the films formed from 1-substituted pyrrole derivatives will be less reactive
to atmospheric oxidation. This implies improved handling, storage and lifetime characteristics
for chemical sensors fabricated using such films.
To investigate the adsorption of pyrrole derivatives taking place on the Ta, and Ti surfaces,
EIS measurements were used. Through the EIS measurement, the double layer resistance and
capacitance could be determined after fitting the equivalent model. Fig. 5.26 showed that the
resistance increase and capacitance decrease after the electrode modified by PYPA. Such a
behavior can be attributed to the presence of insulating alkyl chains on the electrode, which
can block the electrode. We may also observe that the resistance did not increase much. This
indicated that electron transfer to solution species at these modified electrode is not
completely blocked; it may be have the presence of defects in the adsorbed layer.
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Fig. 5.26     (a). EIS of bare Ti and modified Ti; (b). EIS of bare Ta and modified Ta.
To understand the function of pyrrole molecules on the Ti surface during the
electropolymerization of polypyrrole, the oxidation potential of the PMCS-modified Ti
electrode were measured by CV. Fig. 5.27 demonstrates that the PMCS-modified Ti electrode
lead to dramatic changes for the first cycle in CV. The peak in the first cycle could be
attributed to the oxidation potential of the pyrrole head group on the modified Ti electrode.
The first positive potential excursion of the surface-bound pyrrole monolayers yielded a
characteristic curve that was not reproduced in subsequent scans. This has also been reported
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by other group [163]. This oxidation potential corresponded to the expected for the oxidation
of the substituted pyrroles to the pyrrole radical cation.
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Fig. 5.27     Cyclic voltammograms of PMCS-modified Ti and bare Ti in 0.1 M LiClO4 /ACN at 10 mV/s.
5.5.1.2 Electrochemical Polymerization
The deposition of adsorbed layers of synthesized adhesion promoters on electrodes was
performed by immersing the electrodes in organic solutions of the appropriate adhesion
promoters as described in the chapter 4.
The electrochemical polymerization of the adhesion promoters-modified substrates was
carried out from electrolyte solution (0.1 M LiClO4 in acetonitrile) containing 0.1 M pyrrole,
which has been redistilled before use. After electrochemical polymerization, the films grown
on the adhesion promoters-modified electrodes were rinsed with acetonitrile and ethanol,
sonicated in ethanol for 3 min, and blown dry with nitrogen. The films grown on bare
electrodes were not sonicated.
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Fig. 5.28   Chronopotentiometry of electrodeposition of polypyrrole on PMCS-modified Ti in 0.1 M
                     LiClO4/ACN at current density 1 mA/cm2
Chronopotentiometric polymerization of pyrrole on PMCS-modified Ti electrode was
performed in 0.1 M pyrrole in 0.1 M LiClO4/ACN at current density 1 mA/cm2 for 12 min.
The chronopotentiometry data for the electropolymerization of pyrrole on the three Ti
electrodes modified with different chain length PMCS were shown in Fig. 5.28. On the three
PMCS-modified Ti electrodes, the potential almost immediately rose after the current was
applied due to pyrrole oxidation, then, the potential decreased fast to a constant value. These
values were the oxidation potential of polypyrrole electrochemicallly deposited on modified
electrode. We can clearly see that the longer the alkyl chain of PMCS, the higher the potential
for electropolymerization. This result was consistent with the ellipsometry data, which
showed that PMCS with long alkyl chain formed more compact monolayers on the oxide
substrates and therefore, exhibited higher blocking properties.
Potentiostatic polymerization of polypyrrole film on unmodified electrode and PYPA-8
modified electrode from 0.1 M pyrrole in 0.1 M LiClO4/ACN (versus SCE, scan rate 10
mV/s) was carried out to give thick black films.
In order to investigate the redox-process of the polypyrrole films, a multi-sweep
voltammogram of polypyrrole is presented in Fig. 5.30. The cyclic voltammograms showed
broad oxidation and reduction peaks of polypyrrole. The polypyrrole grafted on Ti electrode
behaved similarly. The polypyrrole films formed on the adhesion promoter modified electrode
can be reduced and the reoxidized reversibly. The doping and dedoping processes can be
- 142 -
repeated for several cycles without observable changes in the cycle voltammogram curves for
these polypyrrole films. These results suggested that the electroactivity of polypyrrole films is
stable during the experiments and the anions could move in and out of the polypyrrole films.
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Fig. 5.29     CV of polymerization of polypyrrole on PYPA-modified electrode at 0.1 M LiClO4/ACN,
                    scan rate 10 mV/s
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Fig. 5.30     Doping and dedoping curves of the polypyrrole films grown onto PYPA-modified Ta
                    electrode in 0.1M LiClO4/ACN, scan rate 10 mV/s
5.5.2 Characterization of Polypyrrole Films
The polymer films were prepared by chronopotentiometry and were examined for their semi-
conducting behavior using EIS measurements. The EIS was employed to determine the
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resistance and capacitance of polypyrrole as a function of the applied potential. Impedance
measurements were carried out in a monomer free solution with IM5d impedance measuring
instrument of Zahner Electric. An AC amplitude of mV was applied in the frequency range of
100 KHz to 0.1 Hz using 10 points per decade. For each film, the impedance spectra were
obtained between the potential range 0.4 V to –1.4 V in steps of 0.1 V. The films were
allowed to equilibrate for 10 minutes at each potential being measured.
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Fig. 5.31     Bode plots of polypyrrole on PMCS-8 modified Ti electrode in 0.1M LiClO4 in
                    acetonitrile, at ifferent potentials. a. Modulus of impedance; b. Phase angle
The electroactivity of polypyrrole films on Ti was also demonstrated by EIS measurements.
The impedance data were obtained at potentials between 0.4 V to –1.4 V in 0.1 M LiClO4 in
acetonitrile. The step potential was 0.1 V and films were allowed to equilibrate for 10 min. at
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each potential before being measured. Fig.5.31 showed the impedance plots for a polypyrrole
films on the modified electrode in organic solution.
The experimental data can be described using the equivalent circuit model shown in Fig.
5.32a. The Bode plot can be divided into three frequency parts, which are typical for the
partial processes at the electrode in electrolyte solution (Fig. 5.33b) [277]. The high frequency
range (part I) of the model can be determined to the electrolyte resistance RE and an artifical
capacitance Cx, which is caused by the cell design. The medium-frequency range (part II) can
be determined to the resistance of the polymer film Rpm. Resistance Rpm and capacitance Cpm
are related to the redox process of the polymer film. The low-frequency range (part III) can be
attributed to the electrochemical reaction taken place at the film/electrode interface.
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Fig. 5. 32     (a). Equivalent circuit; (b). Bode plot of PPy film on PMCS-8 modified Ti electrode at 0.4V
Using this circuit model, the capacitance and the resistance in the region of 0.4V to –1.4V can
be fitted. Fig.5.33 showed the results of impedance measurements (in the form of Mott-
Schottky plot for representative structure). The value for the flat band potential Efb was
determined by extrapolation to c-2 = 0. In this measurement, the flat band potential is –0.62 V
vs SCE. The negative slop for the Mott-Schottky plot corresponds to p-type conductivity of
the polypyrrole films. Therefore, Fig. 5.33 confirmed that the polypyrrole film was a p-type
semiconductor, which is in a good agreement with the literature [230].
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Fig. 5.33     Mott-Shottky plot of PPy film on PMCS-8 modified Ti  electrode
a b
Fig. 5.34     SEM of polypyrrole on (a) bare Ta and (b) Ta electrode modified with PYPA-4. Deposition
                    from 0.1 M pyrrole in 0.1 M LiClO4 in acetonitrile at 10 mV/s scan rate versus SCE.
To investigate these morphological differences, Fig. 5.34 presented polypyrrole films
deposited on unmodified and adhesion promoter-modified Ta electrodes (0.1 M LiClO4 in
acetonitrile at scan rate 10 mV/s versus SCE). Films deposited on bare Ta electrodes display
the morphlogical appearance of polypyrrole [278]. The films deposited on modified
electrodes are smoother and less porous, consisting of a dense plane of 5-10 µm features.
Moreover, polypyrrole on adhesion promoter modified electrode remained strongly bound to
the substrate, contrary to bare and unmodified surfaces as shown by photographs for polymer
films submitted to qualitative peel test (Fig. 5.35).
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Fig. 5.35  Photographs of polypyrrole films grown in acetonitrile from bare Ti (a) and Ti
                    substrates modified by PMCS (b) and PYPA (c) and submitted to a peel test using
                    3M adhesive tape.
- 147 -
Chapter 6 Application of Polypyrrole Films
6.1 Polypyrrole Films Used as Humidity Sensors
A sensor is referred to a device, which provides direct information about the chemical
composition of its environment [279, 280]. It consists of a physical transducer and a selective
layer. In any sensor the sensing process can be divided into two parts; recognition, which
results in selectivity, and amplification, which increases the power of the usually weak signals
to the level at which it can be conveniently manipulated by electronics. Selectivity is the
“HEART” of the design in all the sensors. It is invariably provided by a material in which
some selective interaction of species of interest takes place as electrical current or potential or
conductivity, intensity of light, mass, temperature, etc.
A number of conventional organic and inorganic materials have been used as sensing
materials for humidity. For example, a number of polymer-based humidity sensors have been
examined by Sakai et al and Sata [281-284]. Metal oxides such as porous thin films of
alumina have been used for humidity sensors since the 1940s [285]. In recent years, sensors
based on conducting polymers have been successfully demonstrated for a range of polymer
types. Heteroatomic polymers can act as gas and humidity sensors [286, 287]. In particular,
humidity and gas sensors using polypyrrole as sensing material have been described [288-
293]. After exposure to organic gas or vapor, the conductivity of conducting polymers can
reversibly return to the original value. The reversibility is a main feature for most sensing
applications, when conducting polymers are exposed to humidity or bulk water the reactions
between water molecules and the polymers lead to an irreversible increase in resistivity (a
decrease in conductivity). Unlike gas or organic vapors, water molecules appear to be
strongly bound to the PPy backbone and / or react with the associated doping. At present, the
reaction mechanism between PPy and water molecules is not well understood. For most
applications, the effect of humidity/water on the conductivity of conducting polymers has
been seen as an advantage [294]. However, the magnitude of the response to water can be an
advantage for those applications in which the arrival of moisture is the information required.
The sensors can be applied in portable equipment for safety and health purposes, for instance
for (house) painters.
Depending on the operating principles, the humidity sensors can be classified into three
categories based on
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• The change in electrical resistivity;
• The change in capacitance;
• The gravimetric change on absorbing water vapour (eg. quartz crystal oscillator).
6.1.1 Soluble Polypyrrole Used as Humidity Sensors
Here our sensing materials were based on soluble 3-substituted polypyrroles with phosphonic
acid group. The polymer films were prepared by spin-coating of these synthesized 3-
substituted polypyrroles on a ceramic substrate having two Al electrodes on them. The
thickness of the polymer films is about 200 nm. This sample was measured DC/AC kinetics
under wet and dry gas influence: The DC current or AC capacitance (Cs or Cp), resistance (Rs
or Rp) or conductivity (G) signals were detected with constant voltage level. The
measurement was controlled by PC and during the measurement by switching the wafer, one
could change the gas flow from dry to wet state or oppositely from wet to dry state. The
system RH (relative humidity) changing response time is less than 2 sec. Thus, the influence
by the system description is negligible. With applying the extended voltage on samples (U <
40 V), one could measure the kinetics influenced by the additional electrical field.
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Fig. 6.1     Changes of DC current with voltage in vacuum and on air (sample: polyPYPA-6)
The change of DC electric current with applying voltage in vacuum and on air was shown in
Fig. 6.1. It was clearly that the current of the sample measured on air was three orders of
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magnitude higher than that of the sample kept in vacuum. This indicated that 3-substituted
phosphonic acid polypyrrole was sensitive to moisture.
0 100 200 300 400 500 600 700
104
105
106
107
108
109
R
es
is
ta
nc
e,
 R
 [Ω
]
Time, t [s]
a
0 100 200 300 400 500 600 700
10-11
1x10-10
1x10-9
Ca
pa
ci
ta
nc
e,
 C
 [F
]
Time, t [s] b
Fig. 6.2     Changes of the resistance (a) and capacitance (b) with the RH change from 2.5% to 96%.
The changes of the resistance and capacitance for relative humidity changes from 2.5 to 96 %
(fast changing during about 2 sec realized by the switching between dry and wet flowing
nitrogen) are given in Fig. 6.2. The change of the resistance was more than four orders of
magnitude (thickness of the film was ca. 200 nm); for thinner layers even larger changes
could be detected. Similar changes were also observed in DC conductivity. Figure 6.2b
showed that capacitance changes were more than two orders of magnitudes. It could be
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pointed out that both resistance and capacitance changes were stable and fully reproducible. It
proved that it is possible to fabricate some sensor devices based on PPy materials for humidity
change determination.
The electrical responses of the polymer have contributions from two distinct and additive
factors. The first (electrical effect) results from in the interaction of H2O with the conjugated
polymer backbone causing a change in the charge carrier concentration or charge carrier
mobility with a change in the resistance of the film. The second results from a solvent-type
interaction causing a resersible swelling of the polymer and resulting in a change in resistance
may be due to a reduction of the charge hopping between polymer chains. The swelling –type
interation would be influenced by the nature of the sidechains with H2O able to interact via
van der Waals forces/H-bonding and be adsorbed into the polymer materials. A major reason
is that the mode of response for polypyrrole is reported to be predomaintly due to a proton
transfer mechanism. When the water physisorption on the polymer film surface, under an
externally applied electric field, polarization of electronic change of the adsorbed water
molecules which posses a high dielectrical constant formed dipoles and reorient freely
resulting in additional free hole charge carriers which cause an increase in conductivity and
thus a decrease in resistivity.
6.1.2 Polypyrrole Films on Modified Substrate Used as Humidity Sensors
We also measured the polypyrrole films produced by chemical deposition of polypyrrole on
the silane-modified substrates. The samples were prepared as described in chapter 5.4.5. Fig.
6.3 showed the j-V plot in different environment.
When the sample was exposed to air, the current was higher compared with that of measured
in vacuum or in nitrogen. This means that the conductivity is strongly influenced by the
moisture. Under the influence of humidity one can expect dissociation of the molecule and
formation of two types of species: ion-pairs and free charge carriers after full dissociation in
external electric field. The formation of dipolar species results in the broadening of the
transport hopping state distribution. Thus, the charge carrier mobility decreases and electric
permittivity increases. On the other hand, full dissociation results in the formation of free
charge carriers, which can move in the transport polymer matrix. Because electrical
conductivity is the product of the unit charge, charge carrier mobility, µ, and free charge
carrier concentration, n, the final change of the conductivity under the humidity exposure
depends on the equilibrium of the changes ∆µ and ∆n. In our case the contribution to the
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conductivity of the increase in free charge carrier concentration is higher than the decrease in
charge mobility; thus, both AC and DC conductivity increase. Such kind of material used as
humidity sensor based on FET was described later.
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Fig. 6.3     The current-voltage characteristics for Si/SiO2/PPy/Al sample (thickness = 87 nm) in
                  different measurement environments.
6.2 Polypyrrole Films Used as FET
Among the various application of conducting polymers, one of the most promising
applications is organic field-effect transistors (OFETs) and integrated circuits [295].
Conjugated polymers have a disadvantage as low carrier mobility due to the presence of
molecular disorder or impurities, which act as traps. It was found that the high mobilities are
related to self-organization of the polymer chain in the solid state [296]. Several chemical
field-effect-transistors have been described using the principle of field effect [31].
The Source-Drain j-U characteristics of FETs were measured by applying the extended
constant gate voltage (Ug) on the sample, detail arrangement was shown in Fig. 6.4.
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Fig. 6.4     Measurement arrangement of FET structure
OFETs devices based on PPy film deposited by surface chemical polymerization were
prepared. The typical film thickness about 100 nm was controlled by polymerization
condition. The advantage of such technique was the good adhesion of PPy film on the
substrates due to the adhesion promoter. Fig. 6.5 gave the source-drain j-V characteristics for
different gate voltages.
0,0 0,2 0,4 0,6 0,8 1,0
0,0
1,0x10-6
2,0x10-6
3,0x10-6
4,0x10-6
5,0x10-6
6,0x10-6
 
So
ur
ce
-D
ra
in
 c
ur
re
nt
, j
SD
 [A
]
Source-Drain voltage, USD [V]
 Gate = 0
 Gate = -0.5 V
 Gate = -1.0 V
 Gate = -3.0 V
 Gate = -5.0 V
Fig. 6.5     Source-drain j-U characteristics under different gate voltages measured in vacuum at room
                  temperature.
It was difficult to calculate the charge carrier mobility based on the saturated source-drain
current because of the unsaturated current shape. Thus, the linear model was used for the
field-effect charge carrier mobility calculation. Based on Eq. 6.1:
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where Z = 5 mm, L = 20 µm, Ci = 2 × 10-4 F/m2, the field-effect charge carrier mobility µ can
be calculated as µ = 6 × 10-3 cm2/ V s. The unsaturated high voltage part can be explained by
Channel length modulation, which is caused by the increase of the depletion layer width at the
drain as the drain voltage is increased. This leads to a shorter channel length and an increased
drain current. The channel-length-modulation effect typically increases in small devices with
low-doped substrates. An extreme case of channel length modulation is punch through where
the channel length reduces to zero. Proper scaling can reduce channel length modulation,
namely by increasing the doping density as the gate length is reduced.
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Chapter 7 Conclusion and Outlook
7.1 Conclusion
For grafting adhesive polypyrrole films on substrates, adhesion promoters were used to
connect polypyrrole films and substrates. The 3-substituted pyrrole and 1-substituted pyrrole
derivatives with two functionalized groups were designed as adhesion promoters between PPy
film deposited chemically or electrochemically on oxide or metal substrates, with the pyrrole
moieties incorporated into the PPy film and another anchoring group bonded to the substrate.
The anchoring group was designed according to the characterization of the substrate surface.
For the acidic SiO2 surface, organosilanes (trichlorosilane, monochlorosilane,
trimethoxysilane) were used. For amphiphilic or basic characteristic surface, such as Ti/TiO2,
Ta/Ta2O5, Al/Al2O3, and Fe/Fe2O3, the phosphonic acid group was used. The spacer groups
between terminal group and head group with different alkyl chain length from 4-carbons to
16-carbons in the monomer were investigated.
ω-(pyrrol-3-yl alkyl) phosphonic acids, 11-(pyrrol-3-yl undecyl) trimethoxysilanes and ω-
(pyrrol-1-yl alkyl) organosilanes were successfully synthesized and characterized by IR,
NMR, elemental analysis. ω-(pyrrol-3-yl alkyl) phosphonic acids and ω-(pyrrol-1-yl alkyl)
organosilanes are commonly new compounds. They have not been reported in any literature.
From the synthetic procedures and yields, the synthesis of 3-substituted pyrrole derivatives
was more difficult and complicated compared to the synthesis of 1-substituted pyrrole
derivatives. And the synthesis of the shorter chain length pyrrole derivatives is not easy as
compared to the longer chains due to the easy polymerization of the reactive system.
The synthesized compounds were studied for their adsorption behavior on the oxide substrate
using contact angle measurement, ellipsometry, SPR, grazing incident FTIR, UV-VIS
spectroscopy, and angle resolved XPS etc.
Contact angle measurement and ellipsometry data showed that high concentrations in apolar
hydrocarbon solvent (bicyclohexyl) and long reaction times (tens hours/several days) are
sufficient to form tightly packed monolayer of ω-(pyrrol-1-yl alkyl) monochlorosilanes
(PMCS) on substrates. The thickness of these monolayers is from 0.8 nm to 2.6 nm depending
on alkyl chain length. The longer alkyl chain length resulted in well-packed monolayers.
Compared with PMCS, ω-(pyrrol-1-yl alkyl) trichlorosilanes (PUTS) can be grafted on the
oxide substrate in low concentration (0.03%v) and shorter reaction times (5 min) to yield
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dense monolayers, but their oligomerization during adsorption should be controlled. For the
same chain length, a more compact monolayer was obtained from PUTS-11 compared to
PMCS-11. Considering the easy oligomerization of PUTS, thus, PMCS appears more
favorable for the grafting of monolayer on SiO2 surface with the reaction requirement.
Adsorption kinetics were studied by SPR and showed that the adsorption took place within a
few seconds, then it continuously increased and reached a plateau. Grazing incident FTIR
showed the presence and shifting of symmetric and asymmetric CH2-strectching vibration,
revealing the presence and the order of the monolayer. A long adsorption time presented well-
ordered monolayer of PMCS. The orientation of the monolayer was determined by XPS.
Angle-resolved XPS indicated that the silane group of PMCS and PUTS are preferentially
adsorbed on the oxide surface and the pyrrole groups are away from the surface.
The same study was used to investigate the adsorption behavior of 11-(pyrrol-3-yl undecyl)
trimethoxysilane (3-PyTMS). The two functional groups, trimethoxysilane and the NH group
from pyrrole, have the possibility to react with the OH groups from the oxide substrate
surface. XPS measurement revealed that trimethoxysilane is attached to the oxide surface and
pyrrole group on top, and the adsorbed layer is a multilayer due to the possible formation of
H-bond between NH from pyrrole and oxygen atom from trimethoxysilane, or the formation
of vertical polymerization. The measured thickness by XPS is about 3.12 nm, it is bigger than
the calculated thickness of 2.26 nm.
For the amphiphilic or basic surface, such as Ti/TiO2, Ta/Ta2O5, Al/Al2O3, and Fe/Fe2O3,
phosphonic acid group was used as anchoring group. Contact angle data showed that more
compact adsorbed layers on the metal substrates were obtained from the longer alkyl chain
derivatives (PYPA). Angle-resolved XPS revealed that the phosphonic acid group adsorbed
on the metal surface and pyrrole group is away from the surface. XPS data also showed that in
the case of 6-(pyrrol-3-yl hexyl) phosphonic acid, a uniform, well-oriented adsorbed layer
was formed on the Ti and Al surfaces compared to that on the Ta surface.
The orientation of these synthesized monomers was assumed to be suited as adhesion
promoter. Surface deposition of polypyrrole on the adhesion promoter modified (silane-
modified and phosphonic acid-modified) substrates by chemical and electrochemical
polymerization were investigated. PPy films formed on the modified surfaces by surface
chemical polymerization showed a better adhesion compared to those on the unmodified
surfaces. UV-VIS and Raman data revealed that the films are in their oxidizing state, but low
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doping level. The morphology of PPy films was influenced by the alkyl chain length of the
adhesion promoter and the deposition condition, such as choice of oxidant and solvent. PPy
films deposited on modified substrate with longer alkyl chains adhesion promoter have a
smoother morphology than that of films on adhesion promoter with shorter alkyl chains. The
thickness of the resulting PPy films were controlled by the polymerization conditions, such as
choice of solvent, deposition time, pyrrole to oxidant ratio and monomer concentration. PPy
films with thickness in the range of 10-400 nm adhered firmly on the surface. The electrical
properties were studied by current-voltage (j-V) measurement. The current-voltage (j-V)
characteristics of the polypyrrole film revealed that the charge transport is mainly governed
by the thermionic emission in the thinner films. Temperature dependence of j-V
characteristics of Si/SiO2/Ppy/PMCS-16/Al films revealed that the current increases with
temperature, the film shows a typical semiconductor behavior. At room temperature the
mobility for positive charge carriers is 1.4 × 10-4 cm2⋅V-1/s, two order of magnitude higher
than the values reported in the literature for the electrodeposited PPy films [275] and lower
than the highest mobility value reported in the literature for PPy (ab. 10-1 cm2⋅V-1/s), which
was observed in p-toluene sulfonate doped PPy [276].
The use of these adhesion promoters modified electrode for electrochemical polymerization
resulted in adhesive polypyrrole films. The presence of adhesion promoter enhances the
morphological packing of polypyrrole, affording a smooth, compact film. EIS measurement
and Mott-Schottky plot indicated that polypyrrole is a p-type semiconductor.
Also the 3-substituted pyrrole phosphonic acids were found to be homo-and co-polymerizable
(with pyrrole) under chemical methods. Na2S2O8 was used as oxidant and MeOH as solvent.
IR, UV-VIS, and TGA, DSC investigated these homopolymers and copolymers. IR and UV-
VIS data showed that these polymers are all in low doping level. TGA and IR data revealed
that copolymers are real copolymers instead of mixture of two homopolymers. TGA also
showed that homopolymers are less stable than polypyrrole due to the 3-substituent. The most
interesting thing about the copolymers and homopolymers is that they show a glass transition
temperature.
The 3-substituted homopolypyrrole films obtained by spin coating were tried to use as
humidity sensors. It is observed that the resistivity of the 3-substituted homopolypyrrole
sensors increases and capacitance decreases during exposure to humid air. The polypyrrole
films obtained by surface chemical polymerization were also used as FET. The field-effect
charge carrier mobility µ can be calculated as µ = 6 × 10-3 cm2/ V s.
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7.2 Outlook
Polypyrrole films proved to be used as humidity sensors. Recently, there has considerable
interest in using polypyrrole to manufacture sensing devices for organic volatile compounds.
Aroma sensors can become essential instruments for quality control of beverages and food
products and for environmental monitoring, especially if simple and inexpensive devices that
provide accurate real time discrimination of chemical scents can be developed. The
sensitiveness of conducting polymers to environmental changes usually lack specificity. The
corrresponding samples tend to exhibit a broad reponse band for different gases and vapors
and this precludes their use as independent sensors. The fast response of thin films to
adsorption and desorption of volatile compounds will be a biggest challenge in the future.
One of the most interesting of research in conducting polymers lies in the development of
biosensing devices (usually called biosensors or receptrodes). Titanium has been considered
as the metallic biomaterials of choice, a field where is a need to control surface modifications
of the oxide layer. Another interesting thing is in the field of bone implants. The interaction
between the metal surface of the biomaterial and the newly formed bone tissue is known to be
critical for the success of the implant setting.
After the first reported works by Mengoli et al. [297] then DeBerry [298] on the corrosion
protection of metal by inherently conducting polymers, there have been attempts both to
propose a comprehensive mechanism as well as to optimize the protection efficiency of these
films against corrosion. Conducting polymers play the role of barriers, which may hinder the
transpot of cathodic reactants, e.g. dissolved oxygen in neutral media, towards the metal or
the removal of the corrosion products from the metal. On the other hand, inorganic films and
in particular noble metals, can be used as protective coatings to cover less noble metals,
which possess a passivity domian, and therefore, initiate anodic galvanic protection. So
investigating of the corrosion affored by polypyrrole films, finding optimum protection
conditions and understanding the reasons for the loss of protection are an interesting topic.
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Materials
Acetonitrile (99%, Fluka)
Bicyclohexyl (99%, Aldrich)
4-Bromobutyl chloride (97%, ABCR)
6-Bromohexanoyl chloride (97%, ABCR)
8-Bromoctanoic acid (97%, ACROS)
11-Bromoundecanoic acid (97%, ACROS)
6-Bromo-1-hexene (97%, Fluka)
8-Bromo-1-octene (97%, Aldrich)
11-Bromo-1-undecene (96%, ABCR)
N-Bromosuccinimide (Merck)
Bromotrimethylsilane (98%, ACROS)
Butyllithium solution (Fluka)
Chlorodimethylsilane (98%, Aldrich)
DMSO (p.a., Fluka)
Lithium perchlorate (995, ACROS)
Platinum (0)-1,3-divinyl-1,1,3,3-tetramethyl disiloxane complex, solution in xylenes (Fluka)
Potassium (Riedel-de Haën,cylindrical pieces)
1-(phenyl sulfonyl) pyrrole
Pyrrole (98%, Aldrich) was purified before use by vacuum distillation
Tantalum (99%, Aldrich) was mechanically polished by fine diamond paper
Titanium (99%, Aldrich) was mechanically polished by fine diamond paper
THF (p.a., Fluka, absolute)
Tetrabutyl ammonium fluoride on silica gel (Fluka)
Trichlorosilane (99%, Aldrich)
Triethyl phosphite (Fluka)
1-(Triisopropylsilyl) pyrrole (95%, Aldrich)
Trimethoxysilane (95%, Aldrich)
Other reagents and solvents were obtained from Aldrich Chemical Co. and used as received.
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List of Abbreviations
ACN Acetonitrile
AFM Atomic force microscopy
CV Cyclic voltammetry
DMSO Dimethyl sulphoxide
DSC Differential Scanning Calorimetry
EIS Electrochemical impedance spectroscopy
Eq. Equation
FET Field effect transistor
HOMO The highest occupied molecular orbitals
IR Infra red
LB Langmuir-Blodgett
LUMO The lowest unoccupied molecular orbitals
NBS N-bromosuccinimide
NMR Nuclear magnetic resonance
PANi Polyaniline
PMCS ω-(Pyrrol-1-yl alkyl) dimethylchlorosilanes
PMCS-6 6-(Pyrrol-1-yl hexyl) dimethylchlorosilane
PMCS-8 8-(Pyrrol-1-yl octyl) dimethylchlorosilane
PMCS-11 11-(Pyrrol-1-yl undecyl) dimethylchlorosilane
PMCS-16 16-(Pyrrol-1-yl hexdecyl) dimethylchlorosilane
PP Polyphenylen
PPy Polypyrrole
PT Polythiophene
PUTS ω-(Pyrrol-1-yl alkyl) trichlorosilane
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PUTS-6 6-(Pyrrol-1yl hexyl) trichlorosilane
PUTS-11 11-(Pyrrol-1-yl undecyl) trichlorosilane
PYPA ω-(Pyrrol-3-yl alkyl) phosphonic acids
PYPA-4 4-(Pyrrol-3-yl butyl) phosphonic acid
PYPA-6 6-(Pyrrol-3-yl hexyl) phosphonic acid
PYPA-8 8-(Pyrrol-3-yl octyl) phosphonic acid
PYPA-11 11-(Pyrrol-3-yl undecyl) phosphonic acid
PYPE-4 4-(Pyrrol-3-yl butyl) phosphonic acid ester
PYPE-6 6-(Pyrrol-3-yl hexyl) phosphonic acid ester
PYPE-8 8-(Pyrrol-3-yl octyl) phosphonic acid ester
PYPA-11 11-(Pyrrol-3-yl undecyl) phosphonic acid ester
3-PyTMS 11-(Pyrrol-3-yl undecyl) trimethoxysilane
RH Relative humidity
RT Room temperature
SAMs Self-Assembly monolayers
SEM Scanning electron microscopy
SPR Surface Plasmon Resonance
TGA Thermogravimetric analysis
THF Tetrahydrofuran
TIPS-pyrrole 1-Triisopropylsilyl pyrrole
XPS X-ray photoelectron spectoscopy
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Thickness of polymer layers made from surface polymerization (by AFM)
Solvent: MeOH/H2O (2/1); substrate: Si/ SiO2, SiO2 layer thickness 100nm; adsorption time: 48
h.
Thickness of a was measured by ellipsometry (thin SiO2 (3 nm) substrate).
Thickness of b was measured by AFM (thick SiO2 (200nm) substrate).
Adhesion
promoters
Pomerization
time (h)
Oxidant Mpy/
Moxd.
Surface Thickness
(nm)
PMCS-6 1 Na2S2O8 0.24 Very rough 150
PMCS-8 1 “ 0.24 rough 50
PMCS-8 1.5 “ rough 80
“ 20 “ 0.17 “ 80.91a
“ 24 FeClO4 0.17 “ 125b
PMCS-11 1h Na2S2O8 0.25 smooth 45
“ 1.5 “ 0.25 smooth 55
““ 2 “ 0.25 “ 160
“ 3 “ 0.25 “ 200
“ 4 “ 0.25 “ 240
“ 5 “ 0.25 “ 220
“ 6 “ 0.25 “ 225
“ 2 “ 0.17 “ 50
“ 2 “ 0.19 “ 150
“ 2 “ 0.21 “ 50
“ 2 “ 0.23 “ 130
“ 2 “ 0.24 “ 110
“ 2 “ 0.25 “ 150
“ 20 “ 0.17 “ 16.56a
“ 24 FeClO4 0.17 “ 158.3b
PMCS-16 1 Na2S2O8 0.24 smooth 50
“ 1.5 “ 0.24 smooth 60
“ 2 “ 0.24 “ 155
“ 3 “ 0.24 “ 220
“ 4 “ 0.24 rough 250
“ 20 “ 0.17 “ 63.35a
“ 24 FeClO4 0.17 “ 166b
“ FeClO4 0.17 “ 34.14a
“ 24 (MoO)12P
O4.xH2O
0.17 “ 35.28a
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